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ABSTRACT 
Material property estimation method is developed with 1-D heat conduction model and 
bounding exercise for Fire Dynamics Simulator (FDS) analysis. The purpose of this study 
is to develop an unsophisticated tool to convert small scale cone calorimeter data into 
input data that can be used in computational fluid dynamics (CFD) models to predict 
flame spread. Specific interests of input data for FDS in this study include thermal 
conductivity, specific heat, pre exponential factor, activation energy, heat of vaporization. 
The tool consists of two objects; 1-D model and bounding exercise.  
Main structure of the model is based on one of the thermal boundary conditions in the 
FDS, named as “Pyrolysis Model, Thermally-Thick Solid”, in which pyrolysis flux 
occurs on the surface of the object under radiant heat flux. This boundary condition is 
adopted because it has the best characteristics in the dynamics of modeling which are 
subject to our interests. The structure of the model is simple and concise. For engineering 
point of view, a practical model ought to have such simplicity that saves time and effort. 
Pyrolysis model in FDS meets this requirement. It is also a part of reason that this study 
is to develop a computational model which converts a set of data from the cone 
calorimeter test to a set of input data for FDS. A pyrolysis term on a surface of an object 
in this boundary condition will be playing an important role regarding a surface 
temperature and a mass loss rate of the object. 
Bounding exercise is introduced to guide proper outcome out of the modeling. 
Prediction of the material properties from the simulation is confirmed by the 
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experimental data in terms of surface temperature history and mass loss rate under the 
bounding exercise procedure.  
For the cone calorimeter, thirteen different materials are tested. Test materials vary 
with their material composition such as thermoplastics, fiber reinforced plastics (FRP), 
and a wood. Throughout the modeling fed by a set of the cone calorimeter test data, 
estimated material properties are provided. So called “Bounding Exercise” is introduced 
here to draw the estimated material properties. Bounding exercise is a tool in order to 
guide the material property estimation procedure. Three sets of properties (Upper, 
Standard and Lower) are derived from the boundary exercise as recommended material 
properties.  
From the modeling results, PMMA shows the best agreement regarding the estimated 
material properties compared with already known results from the references. Wood 
indicates, however, somewhat different results, in which the mass loss rate takes a peak 
around the ignition and decreases sharply. This burning behavior can not be predicted 
using the “Pyrolysis Model”. The model in this study does not account so called 
“Charring Behavior” that a charring layer toward a surface or difference between a 
charred density in a charring layer and a normal density in a virgin layer of a wood. 
These factors result in a discrepancy of the estimated material properties with the 
reference data. Unlike PMMA and wood, FRP materials show a unique ignition 
characteristic. Mass loss rate history from some FRP materials indicate more a 
thermoplastic burning behavior and other materials tend to char. In addition there are few 
known material property data for theses materials and it is difficult to verify the results 
from this study with pre-existing data. Some plastic samples also indicate difficulties of 
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the modeling. Because some samples melt and disfigure during the test, one dimensional 
heat transfer boundary condition is no longer applicable.  
Each bounding exercise results are fully examined and analyze in Chapter 6. Some of 
limitations contain model’s structural limitation, in which the model is too simple for 
certain cases, as well as limitations of bounding exercise.  
Finally, recommendations are made for future work including upgraded model 
accountable for the pyrolysis of charring material and FRP materials, data comparison 
with FDS results, and improved bounding exercise method. 
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1.0 INTRODUCTION 
 
It has been a long term goal for fire scientists and fire protection engineers to 
comprehend the true nature of fire regarding its devastating results so that the proper 
means of protection can be achieved1.  To reach this goal significant researches and tests 
have been conducted in several fields. Research of heat and smoke transfer from fires, 
development of several fire test methods in terms of rules and regulations for various 
materials in the industry, advanced design of the fire protection systems, and 
improvement of existing codes and regulations are the result of such efforts.   
However, understanding the fundamental of fire has never been easy tasks. Unlike the 
problems in other industries, fire is a natural phenomenon against human desire or will. 
The behavior of fire is highly unpredictable in most cases and it is a great challenge to 
fire scientists and engineers in terms of prevention or counter measures. At this moment, 
a large number of enthusiastic people are still working very hard to solve the problems.   
Among these efforts, computer modeling is considered as a relatively new area. Since 
the computer technology has advanced, computer modeling is one of the fastest growing 
fields in fire protection engineering. The technology of current computers allows 
significant advantage for modeling in terms of the capability of tremendous numerical 
calculations and processing time. Solving a heat transfer problem in three different modes 
(conduction, convection and radiation) in the fire by using relatively small grid size 
required several hours or even days to solve in previous years due to its own numerical 
calculation capacity. With computing advancements those long computational time have 
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significantly decreased. In addition the results are easily traceable. The benefits from 
computer technology open new doors for the computational analysis. The computer 
modeling does not require conventional set up including the test facility, experimental set 
up, money, time and man power. If the results from the simulation are compatible with 
the results of the experiment, it gives much flexibility not only to the clients or building 
owners but to the fire protection companies offering their clients multiple choices for fire 
protection systems. More detailed review of developing numerical models and the 
limitations of application for these models are described in Chapter 2, Literature Review.  
In an effort to develop a computer model capable of better prediction, National Institute 
of Standards and Technology (NIST) publicly released the first version of Fire Dynamics 
Simulator (FDS) in February 2000. Throughout the development, NIST publicly released 
Version 4 of FDS in 2005.  FDS is a computational fluid dynamics (CFD) model of fire-
driven fluid flow. The software solves numerically a form of the Navier-Stokes equations 
appropriate for low-speed, thermally-driven flow with an emphasis on smoke and heat 
transport from fires.2 FDS is being considered one of the most state of the art at this time 
and being used actively by many fire researchers and engineers in both research and 
practical purposes. One of the main objectives of this study is to provide better quality of 
input data in terms of material property for running FDS.  
When the concept of the computer modeling is applied to the real field, however, the 
modeling has had a major drawback due to its own restrictions. From his research report, 
Mr. Anderson addressed the restrictions on the computer modeling saying that “computer 
models do exist to assist the engineer, but the current state of the art (i.e. 1997) imposes 
some severe restrictions. Rather than specify a plausible ignition source and use the 
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model to predict the subsequent growth of the fire, current models (i.e. 1997) require the 
engineer to specify the growth of the fire, which is often part of the aim of applying the 
model in the first place”.3 He also answered this problem that simply there was no 
universally accepted model that existed to predict the behavior of general materials under 
desired fire conditions. In addition he emphasized how material property and mass loss 
rate of burning materials are playing important roles in order to determine the fire hazard 
in the buildings. Mass loss rate of the object is also depended on the material properties. 
Now it is a dilemma for the computer model developers since even if very fine computer 
model is developed that has a potential to describe better fire behavior and predict better 
fire growth, it can not assure the results if the properties of the materials are not certain. If 
there is absence of material information for the application, users must find that 
information (or material property) by themselves and it is not easy task either because 
there are hundreds of different materials being used in the industry without 
comprehensive material data provided. The concern with this problem has been growing 
and several studies have been done in order to obtain the proper value of material 
properties including ignition and thermal properties4,5.  
In their previous work, material properties such as thermal conductivity, density, and 
specific heat (or combined as thermal inertia) are obtained by ASTM E 1321 Standard 
Method or Janssen’s Data Analysis Method. However, the thermal inertia ( Ckρ ) can not 
be separated, which FDS requires as an independent variable. In addition, the thermal 
property such as heat of vaporization, pre-exponential factor and activation energy for the 
pyrolysis term in FDS thermal boundary condition should be obtained. To overcome this 
problem, there is a conventional method to measure the material property independently 
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using thermogravimetric analysis and differential scanning calorimetry. However, these 
experiments are conducted in a small scale, in which there is a certain possibility of a 
discrepancy in a small scale test results and a contribution of the material properties to 
burning behavior in a real application. If someone considers obtaining the material 
properties for a large scale simulation that has many different materials, these 
conventional methods are less attractive because of cost or simply disregarded. As a 
result, there is an increased level of a demand for an effective material property 
estimation that uses a relatively economical method.  
Since there are no means to obtain the property data without direct measurement, a new 
approach is required. From previous cone calorimeter test, it has been known that the 
cone data can yield the material property data such as the mass loss rate with the 
assistance of additional apparatus including the infrared thermometer and thermocouples 
in the surface and back face temperature measurement. As mentioned earlier, the main 
purpose of this study is to provide relatively simple tool for the computer modeling users 
to estimate better material properties as input data for FDS modeling. Using the cone test 
data as input parameters, a simple 1-D heat conduction model is developed. The main 
structure of the model is based on one of the thermal boundary conditions as a thermally-
thick solid pyrolysis model with some adjustments for the radiation and the back face 
boundary condition. It has a pyrolysis term in the surface boundary condition as an 
Arrhenius expression. The pyrolysis term has the major role in controlling the mass loss 
rate and the temperature history at surface and in-depth. The model is designed to 
simulate temperature and mass loss rate per unit area (MLR or mass flux) of the sample 
in the cone calorimeter. Details of the model are discussed in Chapter 3 including the 
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detailed heat transfer model at a surface boundary condition and interior nodes as well as 
back face boundary condition. Each mathematical expression is examined and compared 
with other numerical models in Chapter 2. 
 For the cone calorimeter tests, thirteen different materials were tested. Each test 
procedure follows ASTM E 13546 and ISO 56607. For surface and in-depth temperature 
measurement, new temperature measuring devices are adopted. An infrared thermometer, 
a non-contact temperature measuring device, has used to measure the surface 
temperature. For an in-depth temperature measurement, a Type-K thermocouple is used 
by making a small hole (1 mm diameter) and putting the thermocouple with a high 
endurance ceramic paste. A modified sample holder was developed for this analysis n 
order to minimize a heat loss throughout the edge of the sample holder, which is different 
from ASTM E 1354 and ISO 5660. Details of the cone calorimeter test are described in 
Chapter 4, Experimental Setup.  
Using the 1-D heat conduction model and the cone calorimeter test data, estimated 
material properties are produced. The material property estimation procedure is governed 
by a bounding exercise. Three sets of properties (Upper, Standard and Lower) are derived 
from the boundary exercise as recommended material properties that capture the burning 
behavior of the sample. The material property estimation method is not automatic. In 
other words there is no right result by just running the model. It needs to be done 
manually by user in each time. The material property estimation continues until the user 
decides to stop and gather the results. Therefore the bounding exercise is important to 
guide the user’s decision based on engineering judgment. More details of the bounding 
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exercise background and the application rules are presented in Chapter 5, Bounding 
Exercise. 
From the results, there are four distinctive characteristics from the material burning 
behavior; 1) non-charring material, 2) charring material, 3) intermediate material and 4) 
unable to model material. PMMA is a good example of non-charring material. It shows 
the best agreement regarding the estimated material properties compared with already 
known results. Wood falls into the second category at a charring material. Charring 
materials exhibit a mass loss rate that peak around shortly after the ignition and they 
decrease sharply. This burning behavior can not be predicted using the “Pyrolysis Model” 
since this model does not account so called “Charring Behavior” such as a charring layer 
toward a surface or different density between a charred layer and a virgin layer. These 
factors result in a discrepancy of the estimated material properties with the reference data. 
Unlike PMMA and wood, Fiber Reinforced Plastic (FRP) materials show a unique 
ignition characteristic. This ignition characteristic places them into third category, 
intermediate material. In this case, mass loss rate history from some FRP materials 
indicate more a thermoplastic burning behavior and other materials tend to reach a 
charring behavior. In addition there are few known material property data for theses 
materials and it is difficult to verify the results from this study with pre-existing data. Due 
to disfigurement, especially melting, during the cone calorimeter tests, some plastic 
samples are not testable. These samples are considered as fourth category, unable to 
model material. The main obstacles of these materials are that they fail the geometric 
boundary condition, from which one dimensional heat transfer is no longer applicable. 
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Each bounding exercise results are categorized by the burning behavior and fully 
examined and analyze in Chapter 6.  
There are some accomplishments from this study which include PMMA results that are 
well agreed with previous data. However some limitations contain the model’s structural 
limitation, in which the model is too simple for certain cases such as a charring material 
and a thermoplastic that disfigure, as well as limitations of bounding exercise. All details 
of  this study are presented in Chapter 6, Conclusion. Final recommendations are made 
for future work including upgraded model accountable for the pyrolysis of charring 
material and FRP materials, data comparison with FDS results, and improved bounding 
exercise method in Chapter 7, Recommendation. 
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2.0 LITERATURE REVIEW 
 
Various approaches to modeling the material behavior under certain circumstances 
such as a semi infinite solid exposed to the constant radiant heat flux has been developed. 
Among many studies on this subject, several literatures relevant to this study are 
reviewed to have better understanding how theories have evolved throughout recent 
history. Moreover, it will be closely examined if there are relations between past 
literatures and the model in this thesis. The main purpose of this Chapter is to find   
characteristics of each model, which reflects on the author’s idea on the structure of the 
model. For example, Linan and Williams 8,9,10 were interested in an analytical model for a 
solid pyrolysis ignition where semi infinite solid are exposed to a constant external heat 
flux. The basic idea of application of a pyrolysis term to the surface boundary condition, 
whether it has a pyrolysis term only at the surface or in-depth close to the surface, is the 
same as our model even though Linan and Williams model is based on an analytical 
model. Moghtaderi et all11 endeavored their effort to develop a integral model for a solid 
pyrolysis ignition, which is accountable for both charring and non-charring material. The 
authors adopted an in-depth pyrolysis term and two separate layers; charring and virgin 
layer. This idea allowed the model to describe more accurate burning behavior of the 
solid, such as the surface temperature decrease after ignition and a peak (a sharp increase 
and then sudden plunge) in the mass loss rate history. These characteristics, listed in 
Table 1, can be used as the indicators of whether our model has a relatively well balanced 
physical and chemical dynamics and what our model does not account or predict; this 
will be an issue with charring material mentioned in Chapter 5 and 6. 
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As briefly discussed above, Linan and Williams released a series of research papers 
regarding the ignition theory of a solid in the 1970’s 8,9,10. In the paper published in 
19718, Linnan and Williams applied a formula for the ignition time from Bradley 
(1970) 12  to develop an analytical solid ignition model. They derived dimensionless 
equations at different stages. Since the driving force for the governing equation varies 
with physical and chemical energy such as heat conduction and pyrolysis, the authors 
solved the problem at two different stages; inert and transition stage. Then they 
developed the models for each case. They concluded that the ignition mechanism of a 
solid depended on whether it is endothermic or exothermic reaction. The study showed 
that it described the ignition character very well. In 1972 9, the authors expanded their 
scope from a surface applied energy flux to in-depth energy flux absorption. They first 
questioned the traditional approximation of very thin layer on the surface for the reaction 
zone during transition stage. The authors suggested that for very high values of the 
absorption coefficient, the reactive-diffusive zone splits into a surface absorption zone 
and an interior reactive-diffusive zone, thereby reproducing results obtained previously 
for ignition by a surface applied energy flux.  They also mentioned that the 
nondimensional absorption coefficient , qkT &/0µα ≡ ,(where µ is the absorption 
coefficient (m-1), k is the thermal conductivity (W/m/K), T0 is the initial temperature (K) 
and q& is the external heat transfer (W)), must be at least as large as the nondimensional 
activation energy, 0/' TTE activation≡  , (where Tactivation is the activation temperature (K) for 
in-depth absorption), to affect the ignition time negligibly. In both papers the authors 
adapted a first order Arrhenius term for a pyrolysis reaction. From its exponential 
characteristic, the temperature variation strongly affects the mass loss rate, which is 
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directly related with the pyrolysis even though there are some different approaches to the 
external heat transfer to the surface or in-depth of the solid. Their idea of adapting the 
first order Arrhenius has been accepted and applied widely. This basic concept also 
remains in our model, thermoplastic pyrolysis model with a constant external heat flux to 
the surface of a solid, by using first order Arrhenius term for the pyrolysis flux. The 
virtue of the analytical model is that it provides general understanding of solid ignition 
model. They described and predicted the ignition characteristics of a solid in terms of 
temperature historys and mass loss rate history. However, due to lack of computational 
tools and the nature of analytical model, the results were very limited to restricted cases. 
J. Staggs13 derived an approximation for the surface temperature and mass loss rate of a 
solid which pryolyzes under quasi-steady conditions by an analytical model. He used   
PMMA for the analysis. The relationship between the thermal decomposition and the 
surface radiation losses were also studied. The thermal decomposition was assumed as a 
first order Arrhenius reaction. Quasi-steady stage of a solid (polymer) is observed during 
the PMMA cone test. With that reason this study seems to be relevant to our analysis. 
Since the surface of PMMA will evaporate and regress by the external heat flux, the 
author used the Arrhenius pyrolysis term in each location, which is subject to time. As 
mentioned in Table 1, this concept is different from our approach where all pyrolysis 
activity occurs only at the surface.  
Moghtaderi et all14 developed a computational tool for a solid pyrolysis model by using 
the heat-balance integral method. The model is applicable for charring solid as well as 
non-charring thermoplastic materials. They made good physical description of the model. 
The model is divided into charring solid and non-charring solid. In non-charring solid 
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once pyrolysis begins the surface regresses and the surface temperature remains at the 
pyrolysis temperature. In charring material, the material decomposes to volatiles and 
residual char and there are two regions, the char layer in outer surface and the region of 
virgin material in inner surface. Both solids (charring and non-charring materials) begin 
with a heat-up stage or inert stage. As we know there is a peak in the mass loss rate 
followed by a decreasing MLR. The authors interpreted it as the presence of the char 
layer that acts as a thermal insulator. The main differences in the pyrolysis term between 
charring and non-charring model is whether it needs property of the char such as the 
density. As the density of the char become smaller than the virgin material density, the 
regression rate will decrease. The authors obtained the results (surface temperature and 
mass loss rate) from the numerical method and compared the results with experimental 
data. Figures showed good agreement between the model and experiment. The main 
concept of a charring model allowed working both charring and non-charring material. 
From the results of our study, one of the problems is a lack of capability for a charring 
material. It has shown that what elements in the model are required for a charring 
material. Therefore this paper can be used for one of the future work, updating the model 
to account the charring material. The authors pointed out the importance of 
computational time saying that the integrated method will give significant time saving. 
This is also very important statement that the author saw the importance of his work as 
not only a theoretic development but an engineering practical improvement. As 
mentioned earlier, the success of a computational model heavily depends on processing 
time. If the model takes a considerably long time, it is not that practical to use even 
though its integrity is valid. 
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C. Vovelle et all15 developed the pyrolysis model for PMMA. They took the pyrolysis 
flux based on the Arrheninus term into the governing equation. Since they considered 
pyrolysis does not occur only at the surface of the object but “in each slab of thickness,  
dz”, the governing equation has pyrolysis flux. This approach is somewhat similar to the 
study by Staggs13. The main reason they claimed for in-depth pyrolysis model was that 
from the observation the mass loss rate still increases even after the surface temperature 
approaches the plateau and this clearly indicates that the sub-surface region of the sample 
contributes to the rate of gasification. The authors also adopted the surface regression 
concept by converting the z (fixed) coordinate to a function of the surface position at 
time. They assumed material properties such as thermal conductivity, density, emssivity, 
pre-exponential factor, activation energy and heat of vaporization are constant as well as 
convective coefficient. These assumptions are used in our case. It would be too 
complicated to run the model if these properties are dependent. The results from this 
paper will be compared with the results from our model in Chapter 5.  The authors used 
the measured temperature for the back face temperature and initial temperature. This is 
the approach that our model is designed for the back face condition. The authors argued 
that thermal conductivity can vary slightly with temperature and some kinetic parameter 
could affect the mass loss rate at low external heat flux.  
L. Yang et all16 studied the pyrolysis and combustion of charring materials using a 
cone calorimeter and developed a modified pyrolysis model for charring materials. The 
authors considered how formation of char can affect the surface temperature and overall 
pyrolysis. They argued that heat loss by convection and radiation caused by the surface 
temperature rising and shrinkage of the char’s external surface can affect the material 
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behavior in pyrolysis. The model was based on Kung’s model17,18 where different aspects 
of density are presented in the governing equation and the rate of pyrolysis. Throughout 
the study, the authors presented some interesting conclusions;   
? The external heat flux has a great influence on the pyrolysis of wood. Usually, 
with a stronger heat flux, the pyrolysis of wood starts earlier. The average inner 
temperature of wood decreases rapidly when the external heat flux is increased. 
? Some special characteristics have been proposed for the pyrolysis, ignition and 
heat release rate of a wood under a weak heat flux. Thus, the relationship 
between the average heat release rate and the external heat flux is parabolic 
rather than a simple linear relationship.  
The authors’ arguments about the influence of the external heat flux on the wood are 
also observed during our cone tests with different cone heat fluxes. This indicates that the 
pyrolysis of wood is much more complicated and it requires more considerations for the 
model development. Again, from their study it has been shown how the char layers play a 
role as an insulator eventually and how this reaction affect the pyrolysis as time goes by. 
Table 1 is the summary of previous studies reviewed earlier in terms of the structure of 
the model and key variables of each application. 
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Table 1: Summary of pyrolysis models  
Authors Year Properties Note
M. Kinelan and 
F.A. Williams 1975
Pyrolysis model
Basic structure of 
pyrolysis term is the 
same as FDS model 
even though it exists not 
only at the surface but 
inside of the solid
pre-expoential 
factor B, heat of 
vaporization Hv, 
activation energy 
E, universial gas 
constant R and 
surface 
temperature Tz
Basic structure of 
pyrolysis term is the 
same as FDS model. 
However there is no 
pyrolysis term in the 
surface B.C. and it only 
exists inside the solid. 
The surface of the solid 
regresses as pyrolysis 
begin
density of vergin 
material and char, 
diffusivity of 
vergin material 
and char, thermal 
conductivity of 
vergin material 
and char, and 
pyrolysis 
temperature Tp
This pyrolysis model is 
somewhat different 
from previous two 
pyrolysis model. 
pyrolysis term is 
governed by regression 
rate which is also 
strongly affected by 
temperature different 
between T0 and Tp. In 
the charring model, 
density of vergin 
material and char also 
play an important role. 
In non-charring model 
the surface of the solid 
regresses in stead of 
producing char layer as 
pyrolysis begins.
density , 
diffusivity, 
thermal 
conductivity, 
pyrolysis 
temperature Tp 
and heat of 
vaporization
pre-expoential 
factor B, heat of 
vaporization L, 
activation energy 
E, universial gas 
constant R and 
surface 
temperature Ts
C. Vovelle et all
B. Moghtaderi et 
all
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Heat of 
vaporization Hv, 
Activation 
Temperature TA, 
Pre-exponential 
factor A, 
diffusivity, 
specific heat c, 
Initial 
temperature T0
This pyrolysis model is 
similar with 
Moghtaderi's model in 
terms of activation 
temperature of the 
pyrolysis energy and 
surface regression. The 
pyrolysis term exists 
inside the solid but 
surface doesn't have 
pyrolysis term. 
J.E.J. Staggs 1998
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 From the above summary, it is shown that there is a key parameter for the control of 
the pyrolysis which is the Activation energy, E, (or Activation temperature TA). Here, 
Activation energy, E or Activation temperature, TA is essentially same. They are fixed or 
constant values for the mass flux which trig the ignition begins and the mass loss rate 
increase significantly. After all there are not much of differences for the pyrolysis 
properties. The main differences of each pyrolysis models are from how the authors 
interpret the problems with different applications and views. Those different models will 
be addressed later for the analysis of charring material in this study. 
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3.0 MODEL 
 
3.1 OVER VIEW 
 
The main structure of the model is based on one of the thermal boundary conditions in 
FDS, named as “Pyrolysis Moddel, Thermally-Thick Solid”, in which pyrolysis flux 
occurs on the surface of the object under radiant heat flux. There are four different 
thermal boundary conditions in the FDS2; 1) convective heat transfer to walls 2) 
thermoplastic fuels 3) liquid fuels and 4) charring fuels. This study falls into category 2) 
thermoplastic fuels. The main reason for choosing thermoplastic model is that it is a 
simple generic model for validly across a broad range of materials. The model has six 
input parameter such as thermal conductivity, density, specific heat, pre-exponential fact, 
activation energy, and heat of vaporization. Since our goal is to develop the relatively 
simple model for the users, the charring model would be too complicated with more 
unknown parameters that include the material properties for the charring layer.  
The governing equation for the model, presented in Eq. 3.1, is a 1-D conductive heat 
transfer. The surface boundary condition has a net radiative heat transfer and pyrolysis 
flux. This implies that the pyrolysis reaction is occurring on at the surface and the surface 
does not regress. The back face boundary condition has two different types based on the 
assumption of an adiabatic condition and direct measured temperature. The governing 
equation and the boundary conditions solve numerically. An explicit computational 
solver was set up in user friendly software such as Excel and consumes less amount of 
time so that the user can obtain the many results in relatively short time. However, this 
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simplicity of the model has certain limitations. The modeling results with certain 
materials such as FRP and the red oak show that there are some gaps in the temperature 
history and the mass loss rate between the model and the cone test data. Details of the 
possible reasons for this discrepancy are discussed in Chapter 6. Additionally one of the 
goals of this study is to assess the models capability of predicting the material behavior. 
In this chapter, all the details of the model from the original FDS and any modification 
for the model are described and examined. 
 
3.2 GOVERNING EQUATION AND BOUNDARY CONDITION 
 
Figure 1-1 and Figure 1-2 describe the configuration of the cone calorimeter test with 
each heat transfer mode; heat conduction throughout the sample, heat convection on the 
surface, and radiant heat transfer from the cone heater and/or the flame. The main 
difference between Fig 1-1 and Figure 1-2 is the existence of a flame; pre-ignition 
condition in Figure 1-1 and post-ignition condition in Figure 1-2.  In the pre-ignition 
condition, the surface of the solid gains the heat source from the cone heater, a radiant 
external heat flux and losses the heat by the convection from a relatively cool 
atmosphere. In the post-ignition condition, the surface of the solid gains heat from the 
cone heater and the flame as a radiant external heat flux. The convective heat transfer 
provides an additional heat flux to the surface at this time since a vaporized hot gas above 
the surface has the relatively higher temperature than the surface temperature. 
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Figure 1-1: Schematics of the heat transfer throughout the sample before ignition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-2: Schematics of the heat transfer throughout the sample after ignition 
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As shown in Eq. 3.1, the governing equation is a one dimensional heat conduction, 
which will be solved by finite difference numerical method. According to the FDS 
technical reference guide2, boundary condition at the surface (x=0) is as follow, 
Surface Boundary Condition 
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Eq.3.2 is the main body of the surface boundary condition and each energy term is 
applied by slightly different approach at the pre-ignition and the post ignition for the 
numerical solution. Details are discussed in Chapter 3.4.1 and 3.4.2. Since there is no 
specification of the net radiative heat flux, it is assumed that radiant heat transfer between 
the surface and other objects, which is dependent to the pre and post iginition conditions. 
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For instance, as described in Fig 1-1, the net radiant heat transfer at the pre-ignition 
condition occurs between the surface of the solid and the cone heater, and between the 
surface of the solid and the environmental atmosphere. However, as described in Fig 1-2, 
the net radiant heat transfer at post ignition has more complexity occurring between the 
surface of the solid and the cone heater, the surface of the solid and the flame - in this 
case the flame is assumed to be a sheet for the geometrical configuration - and between 
the surface of the solid and the environmental atmosphere. For a better understanding of 
the net radiant heat transfer, a network analysis is taken. All details of the net radiant heat 
transfer are discussed in Chapter 3.4.3.   
Pyrolysis flux is based on a first order Arrhenius expression with activation energy (E), 
density ( ρ ), pre-exponential factor (A), universal gas constant (R), and surface 
temperature (T). All variables in the pyrolysis flux are assumed to be constant values 
except the surface temperature (T). As a result, the pyrolysis flux or mass loss rate per 
unit area is highly dependent to the surface temperature history.  
Boundary condition at the bottom of specimen (x=M) is are described in the following 
equations, 
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There are two types of back face boundary condition for the model, Type A and Type 
B. So called Type A is adapted from the FDS pyrolysis model. It is the adiabatic 
boundary condition in which back face of the specimen is completely insulated that no 
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other heat can transfer. This boundary condition is hard to satisfy because there will be a 
heat transfer throughout the back face unless the sample is protected by a perfect 
insulation. To ameliorate the condition, an alternative boundary condition so called Type 
B is applied. Type B is the back face boundary condition in which temperature of the 
back face is governed directly by measured temperature from the cone test data. Type A 
would be a good choice when the specimen undergoes a thermally thick condition (i.e. 
short duration of exposure of external heat or relatively low external heat flux) or is 
physically thick. Type B is an alternative way to control the back face temperature 
history when the specimen is under a thermally intermediate condition. Since some cone 
test samples are physically thin, actual temperature history of the back face are well 
above the temperature history based on Type A even though a backing material (or 
substrate) of the specimen in the sample holder improves heat loss throughout the back 
side. Due to material characteristics of each specimens, either Type A or B will be 
applied for the analysis. 
There are assumptions to be made for the model. First, edge effects are negligible in 
this case. Choi 23 reports that there are some amounts of heat transfer throughout the 
sample holder and the edge effect will be increased by using traditional steel made 
sample holder. As a result an alternative sample holder, which is fully exaimed in 
Chapter 4.2, was used in order to minimize the edge effect. Second, external heat flux 
from the cone heater is constant and uniform. Since this is a one dimensional heat 
transfer, the external heat flux distribution over the entire surface area would not be 
considered as a major concern and the central area of the sample, approximately 1 cm by 
1 cm from the center, has shown relatively unformed heat flux from the cone heater, 
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measured by a heat flux gauge. Therefore the assumption is considered to be reasonable. 
Third, back face of the sample is perfectly insulated in the Type A condition. Fourth, 
temperature at back face of the sample is governed by the temperature history from the 
test data in Type B condition 
 
3.3 GRID SYSTEM 
 
In a numerical solution, the location of each grid is important in order to decide the size 
of each cell, especially for the explicit finite difference method (FDM), which is applied 
for this study. The distance x (m) between each node is a critical factor as well as time t 
(sec) by forming Fourier Number Fo 


∆
∆=
x
tα , (where α is diffusivity Ck ρα /= , k is 
thermal conductivity (W/mK), ρ is density (kg/m3), C is specific heat (J kg/K), dt is time 
step (sec) and dx is distance between nodes (m)), because it controls the stability of the 
model. For example, a distance x (m) gets smaller, by the nature of Fo, time of t (sec) 
must be smaller to maintain the same level of Fo.  
A non-uniform grid system is used in this study. This system is adapted from the 
thermal and material boundary condition in FDS2. Distance between interior node dx (m) 
is different and the locations of the nodes are generated exponentially. The population of 
the interior nodes is denser close to the surface. The main idea of developing the non-
uniform grid system is to create a grid system that creates an node environment at the 
surface, and right beneath the surface, in order to obtain the numerical solution with the 
surface boundary condition. 
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Figure 2: Numerical orders of the nodes 
 
Grid Formation based on FDS is,  
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According to the FDS technical reference guide2, s is a “stretching factor” )41( ≤≤ s . 
From Eq. 3.5 it is shown that the stretching factor (s) affects xi exponentially and is to 
determine how far each grid can be “stretched”. In addition, from Eq. 3.5 stretching 
factor s is set to 4 if thickness of the specimen is less than 1 mm. Followings are the 
examples of the non-uniform grid. 
Table 2: Width of each cell in non-uniform grid system 
Node i s=0.001 s=1 s=2 s=3 s=4 s=0.001 s=1 s=2 s=3 s=4
0 0.0028 0.0016 0.0008 0.0004 0.0002 0 0 0 0 0
1 0.0028 0.0017 0.0009 0.0005 0.0002 0.00280 0.00166 0.00091 0.00047 0.00023
2 0.0028 0.0017 0.0010 0.0005 0.0003 0.00560 0.00339 0.00190 0.00099 0.00049
5 0.0028 0.0020 0.0013 0.0008 0.0004 0.01399 0.00902 0.00539 0.00302 0.00160
10 0.0028 0.0024 0.0019 0.0014 0.0010 0.02799 0.02004 0.01343 0.00851 0.00516
15 0.0028 0.0029 0.0028 0.0025 0.0021 0.04199 0.03349 0.02542 0.01852 0.01309
20 0.0028 0.0036 0.0042 0.0046 0.0047 0.05599 0.04993 0.04331 0.03676 0.03073
25 0.0028 0.0043 0.0062 0.0083 0.0105 0.07 0.07 0.07 0.07 0.07
Thickness : 0.07m Number of Node : 25
dx (m) Cell Location (m)
 
i=0 i=1 i=2 i=3 M M-1
Surface
B
ack-face 
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Figure 3: Location of each node in non-uniform grid system 
 
From Table 2 and Figure 3, cell width close to the top surface is very small and 
increases significantly as a stretching factor s approach 4. The grid is uniform when s 
equal to 0 (or close to 0). Since we assume that the pyrolysis activation occurs only at the 
surface, it would be ideal to obtain a numerical solution for the mass loss rate and the 
surface temperature history with smaller size cell as often as possible. Consequently, 
smaller time steps are necessary to maintain the stability of the model. Throughout the 
analysis it is decided that stretching factor s is set to 4. From Eq. 3.5, it is implied that 
distance between node 0 (surface) and node 1 where pyrolysis occurs is very small and 
this will affect pyrolysis energy in the surface boundary condition. 
 
3.4 NUMERICAL SOULUTION; FINITE DIFFERENCE METHOD 
 
The explicit finite difference method (FDM) for the numerical solution is built on 
commercial software, MicroSoft Excel. One of the advances of using this software is it is 
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easy to operate. The entire structure of the model is easily readable without decoding a 
source code as using other coding program such as C++ and Fortran and it does not 
require an additional complier. In addition it is easy to trouble shoot. 
The FDM has three main conditions; interior nodes (1<i<M-1), surface node (i=0) and 
back face node (i=M). Each part is solved by the governing equation and surface and 
back face boundary conditions that are discussed in the following sections.  
 
3.4.1 Interior node (t < tig, t ≥ tig) 
 
Considering one-dimensional unsteady conduction with no internal heat generation, 
constant properties, and a finite control volume 11⋅⋅∆x  surrounding node m at location x 
in the solid. The energy balance is applied to the finite control volume over a time 
interval t∆ , from step i  to step )1( +i : 
 
 
 
 
 
Figure 4: Schematic of conductive heat transfer throughout the control volume 
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From Eq. 3.5 it is shown that since the grid is not uniform, the cell width ( x∆ ) in the 
control volume is not constant instead x∆ is decided by the location of the previous node 
( 1−ixδ ) and next node ( 1+ixδ ). This factor makes the equation somewhat complicated. As 
shown in Eq. 3.7 Fo is not a real Fourier Number, rather it is considered as an effective 
Fourier Number. Eq. 3.7 is an indicator of the stability of the structure in order to avoid 
divergent oscillations in the solution.  The allowable sizes of cell width and time step are 
required. Once the time step decreases, so must the cell width. This implies that the time 
step for very thin material should be small.  
 
3.4.2 Boundary Condition at Surface (x=0) 
 
Surface boundary condition is applied in two main conditions; pre-ignition and post 
ignition condition. These two conditions are decided by the existence of the flame. The 
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main difference between the conditions is the net heat flux change. For the post ignition 
condition, there are additional radiant heat flux from the flame and convective heat flux 
from the hot gas due to the pyrolysis and the flame to the surface. The surface boundary 
condition is very important to predict the surface temperature history and the mass loss 
rate.  
 
(1) t < tig (pre-ignition) 
 
Considering Figure 1.1 and Figure 1-2 for the surface boundary condition,  an energy 
balance is made based on a one-dimensional, unsteady conduction, with no internal heat 
generation, constant properties, and a finite control volume 11
2
⋅⋅∆x  
 
For the sign convention, the heat transfer coming to the control volume is positive and 
that leaving from the control volume is negative. Convective heat transfer occurs from 
relatively hot surface to cool environment. In addition, net radiation heat transfer is 
consists of net radiant heat exchange from the sample to the cone heater.  
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Considering the cell width x∆ for the control volume at the surface boundary, it is 
always the half distance from the second node. Once the grids are generated, x∆ value is 
fixed. The pyrolysis flux term is defined in Eq. 3.9. Using Eq. 3.9, Eq. 3.8 can be 
rearranged. Only the net radiant heat flux term does not include the surface temperature 
in Eq. 3.10. For numerical stability, the sum of the surface temperature mT0 at each  
iteration must remain  positive. That is, 
[ ] 0)]exp([)1(21
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Net radiant heat transfer radnetq , ′′&  on the surface can be described by a radiant heat 
transfer network. It is mainly the radiant heat transfer between the cone heater and the 
surface and between the surface and the environment. Detailed analysis for the net radiant 
heat transfer are examined in Chapter 3.4.3 
 
(2) t ≥ tig (post-ignition) 
 
General statement of the energy balance after ignition is,   
 
  
Considering convective heat transfer at the surface after ignition of the sample, a 
natural cooling convection from the surface to the environment in previous surface 
boundary condition (t < tig) no longer exist since the environment temperature right above 
the sample becomes part of the flame region. Although the radiation is the dominant 
mode of heat transfer for burning rate of the fuel*, the convective heat transfer from the 
flame into the surface of the sample should be counted to determine the pyrolysis rate 
appropriately. This may be obtained by calculation or by determining the steady burning 
rate under strictly controlled experimental conditions19. However, obtaining the value of 
the convective heat transfer is difficult and there are many uncertain factors.  
                                                 
* According to An Introduction to Fire Dynamics by Dougal Drysdale, 1st edition, Modak and Croce (1977) 
determined that over 80 % of the heat transferred to the surface of a burning PMMA slab, 1.22 m2, was by 
radiation. Approximately the same figure was obtained by Tewarson et al. (1981) 
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According to Mr. Rhodes’ research to the flame heat flux in the cone calorimeter20, the 
total flame heat flux is approximately constant for samples in the cone calorimeter. For a 
cone heat flux of 50 kW/m2, the measured total flame heat flux is approximately constant 
at 30 kW/m2 over a heat release rate of 200-600 kW/m2. Using the equation  
4'' flflflame Tq σε=& , where flε  is emssivity of flame and Tfl is flame temperature (K), for 
the flame temperature 1400 (K) and the emissivity of flame 0.09, he estimated the 
radiative flame heat flux to 15 kW/m2. Assuming there are no other heat losses from the 
surface, this results in the convective flame heat flux of 15 kW/m2. In addition, 
Beaulieu21 used a constant value for a convective flame heat flux on the black PMMA as  
approximately 10 kW/m2. As mentioned earlier measuring the convective flame heat flux 
is difficult since adopting a measuring device into the sample and separating its value 
from the radiative heat flux. Considering these two reference values, however, it seems to 
be there is a little variety for the convective heat flux in a particular material such as 
PMMA. After careful consideration, convective heat transfer is assumed as a constant 
value of 10 kW/m2 and is applied into the model. As a result, the numerical solution 
before time to ignition is, 
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The net radiant heat flux is based on the radiant heat transfer between the cone heater 
and the surface, between the flame and the sample surface, the environment atmosphere 
and the sample surface of the sample. For the stability criteria, 
(3.13)      0     ])exp([)21(
0
0 >∆−∆−− vmm HRT
EA
c
tTFo  
It must be emphasized that once the surface temperature exceed a critical point, the 
pyrolysis flux term increases exponentially causing the instability. 
 
3.4.3 Net Radiant Heat Transfer Analysis 
 
The net radiant heat transfer from the cone heater and flame into the surface of the 
specimen (target) is calculated by radiant heat transfer network analysis as depicted in 
Figure 5. It is divided into pre ignition mode and post ignition mode 
 
 
Figure 5: Schematics of the radiant heat transfer network at the surface. 
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 (1) t < tig (pre ignition) 
From Figure 5(a), there are radiant heat transfers in two ways; from the cone heater to 
the surface and from the environment to the surface. Since the surface temperature will 
increase due to the external heat flux, the radiant heat transfer term defined as “from the 
environment to the surface” will be negative. In addition it is assumed that there is no 
significant heat transfer between the cone heater and the environment. Therefore, the net 
radiant heat transfer before ignition is, 
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Here, emissivity of the cone heater is obtained from a literature as 1. Emissivity of the 
specimens is assumed to be 1. For the view factor, the surface area of the cone heater is 
considered as a flat square plate with equivalent length of the cone heater diameter 
(0.16m) instead of a three dimensional conical shape. The surface area of the target is 
given as 0.1m by 0.1m. View factors are calculated in according to equation in SFPE 
handbook22 by following; 
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Using Eq. 3.16, emissivity, area, and view factor for the cone heater and the surface are 
estimated. 
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Temperature of the cone heater is determined by given emssivities and view factors 
above using Eq. 3.15. In this case, the surface temperature term and the radiant heat 
transfer from the environment to the surface are assumed to be negligible since the 
ambient surface temperature and the environment are insignificant compared to the cone 
heater temperature. As a result, 
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 From Eq. 3.17, the cone heater temperature of different radiant heat flux levels is 
estimated such as Tcone=855.7K at qincid=30 kW/m2; Tcone=972.2K at qincid=50 kW/m2; 
Tcone=1057.5K at qincid=70kW/m2 
 
(2) t ≥ tig (post ignition) 
 
From 5.2, there are three ways of the radiant heat transfer; from the cone heater 
(through the flame) to the surface, from the flame to the surface, from the environment to 
the surface. There is the flame between the cone heater and the surface and this affects 
the intensity of the radiant heat transfer between the cone heater and the surface because 
the radiant energy from the cone heater must penetrate the flame to reach the surface. If 
the flame is opaque and sooty due to unburned particles, the surface would receive less 
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radiant heat flux from the cone heater. For the simplicity of the model, the flame is 
considered as a non-reflecting gas with low flame emissivity. The governing equations 
are elaborated below. 
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where, flameε  is flame emissivity that has a relationship with mean beam length (m) and 
extinction coefficient (m-1),  
 )(mt coefficien extinction  :  
(m)length  beammean  :
]exp[1
1-
m
k
l
klmflame −−=ε
    (3.20) 
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To estimate the flame emissivity, the mean beam length and the extinction coefficient 
must be known. Mean beam length of the flame is estimated by using reference Table 
from Gray and Muller (1974) 23  as approximately 0.05 (m). In addition extinction 
coefficient is obtained from de Ris (1979)24 as approximately 1.3 (m-1). Using these 
values, the flame emissivity flameε  is estimated to 0.063.  
For the view factor from the surface to the flame, the flame is considered as a flat non-
reflected gas located right above the specimen. Since the flame covers entire surface of 
the specimen, view factor Ftarget-flame is to be 1. Moreover, as radiant heat transfer from 
the specimen to the cone and environment should pass through the flame region, 
∞′′′′ -targetcone-target  and qq &&  must have a transmissivity (τ = 1 - ε) term in the space resistance.  
 The flame temperature of 1432 (K) as well as view factor (Ftarget-flame) and emissivity 
(εflame) provide the incident radiant flame heat flux of 15 (kW/m2) which is similar to 
Rhodes’ estimation 25. 
 
3.4.4 Boundary Condition at the back-surface (x=M) 
 
As mentioned in Chapter 3.2, there are two back face boundary conditions, Type A, 
adiabatic back face boundary condition and Type B, given temperature back face 
boundary condition. Since both types are used, each case is presented here. 
 
(1) Adiabatic Back Face B.C. (Type A) 
 
Considering Figure 6, there is no heat transferred through the back face in this boundary 
condition. An energy balance at the back face has the following; 
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Figure 6: Finite control volume used to derive the difference equation for a 
adiabatic boundary condition at x=M; one-dimensional unsteady conduction 
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(2) Given Temperature Back Face B.C. (Type B) 
 
In Type B, the cell at the back face of the specimen is given the temperature history 
from the test data. Surface temperature measurement by Type K thermocouple attached 
to the back face of the specimen provides the back face temperature. 
x∆  
M 
M-1 
Back-surface; 
Adiabatic 
Increase in internal 
Energy within volume 
Conduction 
Into control volume 
0 = + 
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Since the time step dt is variable in each analysis, given temperature data at 1 sec. can 
not be used directly. Therefore, a back face temperature history is applied as a function of 
time by using a trend line of the temperature history. Following example show how to 
make back face temperature as a time function, 
 
y = 8E-11x6 - 7E-08x5 + 3E-05x4 - 0.0041x3 + 0.2713x2 + 1.7812x + 296.23
R2 = 0.9106
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Figure 7: Estimated back face temperature as a function of time 
 
From Figure 7, the back face cell has a temperature function as follow, 
( ) ( ) ( )
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Where, t is time (sec) at each calculation. Utilizing this method, the back face 
temperature can be estimated from the measured temperature. Each material with Type B 
condition has the temperature function similar to the sample described in Eq. 3.24 that it 
will use temperature converted from the cone data automatically.  
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 4.0 EXPERIMENTAL SET UP 
 
4.1 Description of Test Samples 
 
There are thirteen specimens for the cone calorimeter test. Some of materials are from a 
subway car that is currently in use. The samples are cut with 100mm by 100mm area for 
the test. Detailed information of the test sample is listed in Table 3. These samples are 
equipped with a thermocouple probe and a thermocouple wire and are wrapped two-layer 
of aluminum foils for the final preparation of the cone test. The details of the locations of 
the thermocouples are addressed later in Chapter 4.5.2. 
In Table 3, B-4 and R-1 have 20 specimens each: 2 thicknesses, 10 specimens each. 
These consist of two types of sample thickness. Shown in Table 3, some materials are 
physically thin and it shows a concern of proper application for the modeling as discussed 
later in Chapter 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 40
 
Table 3: Cone calorimeter test sample summary 
Sample ID Material Description Quantity Thickness (mm)
A-1 Foam and Fabric Combination 10 70
A-2 Acrilylic and PVC Combination 10 2.5
A-3 FRP 10 3.5
B-1
Painted Phenolic Skin 
with Nomex Honeycomb 
Core
10 4
B-2 Painted Phenolic FRP 10 3
B-4 Painted Acrylic FRP 20 3.8 / 5
E-1 Melamine Sandwich 10 25.4
C-1 Carpet and Underpad Combination 10 20
H-1 Polycarbonate Plastic 10 top:6 valley:3
R-1 Rubber 20 7.5 / 3.2
PMMA Polymethylmethacrylate 10 25
Red Oak Wood 10 20
Polyester 
Panel Polyester 10 3  
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4.2 Modified Sample Holder 
 
According to Choi26, there is an issue of heat transfer at edge of the conventional 
sample holder. In her work, Choi argues that heat conduction through the sample is not 
one dimensional but three dimensional due to an “edge effect” of the sample holder 
which has been designed and used for the cone test. 
Since the model for the analysis is based on one dimensional heat conduction, this 
“edge effect” must be solved. De Ris and Khan27 suggested that using a modified sample 
holder with an insulation material such as Ceramic Fiberboard could reduce this problem 
significantly. As a result, a new type of sample holder is used in the test rather than  the 
conventional steel sample holder. 
The conventional sample holder is composed of two basic components; steel frame and 
holder. A substrate or backing material is used for preventing heat lose from back side of 
the specimen. The new sample holder is made of five or six (depending on specimen 
thickness) pieces of 12.7 mm (0.5 inch) thick Ceramic Fiberboard that are 160mm by 
160mm in length. 
A ceramic Blanket is used for the cone test as a substrate or backing material. Two 
layers of aluminum foil are wrapped around the specimen. 
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Figure 8: Schematic of sample holder 
 
 
4.3 Cone Calorimeter; Mass Loss Rate Measurement 
 
The primary objective of using the cone instrument is to measure the mass loss rate of 
the specimen The Cone Calorimeter used in the test allows the measurement of Heat 
Release Rate, Smoke Yield (soot concentration), Mass Loss Rate and several other 
ignition characters. The cone calorimeter test is standardized in ASTM E 135428 and ISO 
566029.  
Mass loss rate is measured by the load cell with a raw voltage output. The voltage 
outputs over time are put into calculation by automatic data acquisition software. The 
calculation is based on the standard method by ASTM E 1354. 
Mass loss rate data will be used as a target curve in the bounding exercise which is 
discussed in Chapter 5. 
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4.4 Surface Temperature Measurement; Infrared Thermometer 
 
4.4.1 Overview of Infrared Thermometer 
 
An infrared thermometer is used for the surface temperature measurement for the cone 
test. Since the infrared thermometer is a non contact temperature measurement device, 
the specimen does not have to be modified or extra set up for the temperature 
measurement is not required.  
The infrared thermometer uses a laser beam between 8 to 10 microns of spectral wave 
length to detect the temperature. Accuracy of the thermometer is within error of ±1% of 
reading at 25 ºC and repeatability is ± 1 % of reading. Emissivity is controllable at range 
of 0.1 to 1. Its response time is listed as 250 msec. 30 
 
 
Figure 9: IR Thermometer overview 
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4.4.2 Infrared Thermometer Set up 
 
The primary objective of using the thermometer is to measure the surface temperature 
history prior to the ignition in which the specimen is under relatively inert condition so 
that FDM model can predict accurate the temperature history with input data such as 
conductivity and specific heat. Once the specimen has ignition and flame, the model is 
focus on prediction of the mass loss rate comparing it with the cone data.  
 
 
Figure 10: Schematic of IR thermometer set up (Drawing is not to scale) 
Hood 
IR 
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Cone  
Heater
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Load 
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m
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The IR thermometer is located above the cone heater and basically sees the target or 
surface of the specimen through the opening of the cone heater. According to the 
manual27, optical field of view of the thermometer on the surface of the specimen is 
approximately 16.5 mm. Surface temperature measurement begins with putting the 
thermometer on the supporter. Next, the specimen is put on the load cell. A thin ceramic 
fiberboard (6.35mm or 1/4in.) covers the top of the sample holder to prevent the 
specimen being pre-heated. Finally the thermometer begins to measure the surface 
temperature of the specimen when the shutter of the cone heater is opened. The surface 
temperature measurement continues until the specimen begins to ignite. The thermometer 
operation is no longer available due to high temperature and smoke from surface flame.  
There is time delay of the temperature measurement at the beginning when the shutter 
is open and the thermometer sees the target. It is believed that the thermometer can not 
respond right away especially when the temperature of the target changes suddenly. Since 
the thermometer is set up first and sees the inside of hot shutter (600ºC) for certain 
amount of time (up to 120 sec.), when the shutter is open and the thermometer sees 
relatively cold specimen (30ºC), it does not read the correct temperature immediately. 
Measurement delay seems to be one to three seconds from the shutter open. 
 
4.5 Type K Thermocouple & Thermocouple Probe 
 
4.5.1 Measuring Instruments 
 
A thermocouple (Type K) and a thermocouple probe (Type K) are used for the 
temperature measurement back side and inside of the specimen. These are designed to 
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provide the temperature historys for the FDM modeling. The temperature at back side (or 
back face) is given into the equation in Type B model discussed in Chapter 3.4.4. 
As for the thermocouple 30 AWG (0.25mm) Type K thermocouple is used. The 
thermocouple wire is insulated with glass wrap (conductor) and with glass braid (overall). 
Special Limited Error (SLE) for the wire is ±1.1 K or 0.4% of reading. Its maximum 
operation temperature is 482 ºC (900 ºF)31. 
A thermocouple probe used in the cone test is the grounded transition junction style 
Type K probe with 300 mm (12 in.) length and 0.75 mm (0.032 in.) sheath diameter. Its 
maximum temperature rate is 260 ºC (500 ºF). Error limit is ±1.1 K or 0.4%32. 
 
 
Figure 11: Examples of thermocouple probes (Source: Omega.com) 
 
 
4.5.2 Instrument Set Up 
For the back face temperature measurement the bare wire of the thermocouple is 
welded and attached on the back face of the specimen with a high temperature adhesive 
such as an epoxy. The aluminum foil is warped around the specimen. Other 
thermocouples are placed in the substrate (back material) with 12.7 mm (0.5 in.) interval 
to measure the temperature distribution through the substrate. Details are described in 
Figure 12. 
Sheath 
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For the in depth temperature measurement the T.C. probe is inserted in the hole with a 
high-temperature grease. The hole is made by 1 mm (0.04 in.) thick, 57 mm (2-1/4 in.) 
long taper drill. It is desired to get the T.C. probe to the surface as close as possible. In 
some cases where the material is too thin, placing the probe is impossible due to the 
physical thickness of the specimen. To prevent air bubbles which can affect accurate 
temperature reading, a high-temperature rated silicone thermal grease is used. The 
thermal grease has the continuous temperature of 200 ºC (392 ºF) and thermal 
conductivity (k) of 2.3 W/mK (16 BTU in/hrft2ºF)33. Details are described in Figure 12. 
 
Figure 12: Thermocouple and probe location in specimen and substrate 
 
 
 
 
 
50 m
m
50 m
m
 
Center 
T.C.  
(30 AGW)
T.C. Probe 
Sample 
Substrate 
Probe
Thermo- 
Couple 
 48
5.0 BOUNDING EXERCISE 
 
This chapter discusses the bounding exercise used for the FDM modeling. The main 
objective of this bounding exercise is to guide the modeling to obtain the best estimated 
material properties for thermal conductivity (k), specific heat (c), heat of vaporization 
(Hv), pre-exponential factor (A) and activation energy (E). 
 
5.1 BOUNDING EXERCISE OVERVIEW 
The main objective of the bounding exercise is to obtain three different curves which 
bounds upper, middle and low estimates of mass flux history and surface temperature 
history from the cone test (identified as “target” in the analysis). Since there are no 
quantitative rules to decide accuracy of modeling result, it is alternative solution in order 
to provide three different options with a small deviation, approximately order of 1 or 2 
depending on the material property values. 
The main challenge of material property estimation using FDM 1-D model is that it is a 
manual iterative direct approach to obtain five unknown values (k, c, Hv, A and E). There 
is no certain quantified rule for the material property estimation method but the direct 
approach. All five unknowns are estimated at first, if the surface temperature and the 
mass loss rate with these values do not match the cone test data, user set next values for 
the estimation. The procedure continues until the results indicate reasonably good 
agreement with the cone test data. The term “reasonably good agreement” will be 
explained in Chapter 5.2. Since this is a direct approach, estimating these values without 
proper guidance is somewhat a time and labor consuming process. This fact gives an 
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importance of role for the bounding exercise. The bounding exercise provides methods of 
how to approach the problems and how to judge, or estimate whether the results from the 
modeling are sufficiently close to the cone test data, however, there are other difficulties. 
From its own limitation, the model can not simulate the natural behavior of the specimen. 
For example, it can not predict a peak mass loss rate (MRL) in which MRL increases at 
the beginning of ignition and depletes quickly after certain time, one of the common 
behaviors from the charring materials. There is also lack of quantified criteria for 
accuracy of the results (material property). 
Bounding Exercise is a tool designed to meet these challenges and to provide a 
practical solution. The exercise adopts a qualitative goal decision system. This is based 
on the model structure. The goal of the exercise is fulfilled when surface temperature and 
mass loss rate per unit area (mass flux) simulated with estimated properties (five 
unknowns) are similar to the cone results.  
Three curves (upper, middle, lower) are generated for MLR and surface temperature 
history. The middle (standard) curve is the pivot that approximates the surface 
temperature and the mass flux (kg/s/m2) of the target. High (upper) and low (lower) 
curves are setting up the boundary of the standard curve. Upper bound catches peak (or 
close to the top) of the mass flux of the target right after ignition. Secondary mass flux 
peak in the later stage when the specimen has thermally thin condition (i.e. a uniform 
temperature distribution throughout the material) is disregarded. The lower bound has the 
lowest area of the mass flux of the target.  
Bounding exercise is focused on the early stage of the mass flux for two reasons. First, 
the activation energy (E) is the key element to make the shape and magnitude of the mass 
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flux curve and time to a sudden rise of the mass flux curve. Second, the model can not 
simulate the realistic mass flux behavior such as the peak of the curve once pyrolysis flux 
is activated. The reason is that the surface temperature T0m is the only variable to control 
the mass flux (considering Eq. 3.9) and the increasing surface temperature T0m keeps the 
mass flux rising. It also can not predict mass flux at the late stage, where the secondary 
mass flux peak occurs due to a thermally thin condition. Estimation of material properties 
is completed when the surface temperature and mass flux curves of the target are located 
in the three bounding curves; matching target with standard curve with optimized upper 
and lower curves.  
 
5.2 BOUNDING EXERCISE PROCEDURE 
 
The bounding exercise is examined by several stages. Each stage describes how to 
interpret the results and make the best decision. The exercise is mainly comprised of two 
parts: Part I and Part II. The surface temperature is used in Part I. Thermal conductivity k 
and specific heat c are estimated in Part I in order to obtain the surface temperature 
assuming the object is thermally inert. This assumption is based on that the pyrolysis 
term with a large activation energy (E) will not have significant influence on the surface 
temperature determination, so that thermal conductivity and specific heat are only 
involved in the surface temperature determination. There are two reasons for using the 
surface temperature history. First, the surface temperature will not increase or not change 
much after ignition, which is in Part II,  because the pyrolysis flux takes some amount of 
energy away from the surface that continued to heat up the surface temperature before the 
ignition. The surface energy taken away by the pyrolysis contributes only minor effect on 
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the surface temperature resulting slightly increased surface temperature after ignition. 
Second, the surface temperature measuring device, infrared thermometer, can not be used 
after ignition because the device is sensitive to the temperature and the environment of 
the target. Since the thermometer is located directly above the sample, approximately 
23.5 cm above the sample, the flame is likely to contact with the thermometer, which will 
affect the temperature reading and the device’s safety for the operation, after ignition. In 
addition the temperature reading can not be reliable when the thermometer sees 
“through” the flame to the target. As a result it is considered as best to use the 
temperature measurement before ignition. 
 Pyrolysis properties such as activation energy E, pre-exponential factor A, heat of 
vaporization Hv are determined in Part II. Once the surface temperature approaches the 
target temperature with estimated value of k and c, then the mass loss rate per unit, or 
mass flux, is obtained with estimated values of E, A and Hv. Time period of Part II is 
after ignition to the end of the test. The load cell in the cone calorimeter is used in order 
to measure the mass loss rate of the sample. Since the load cell is very sensitive to 
vibration, the mass loss rate reading can be disturbed by other contributions such as 
sudden impact on the sample holder or abnormal vibration from other parts in the cone 
calorimeter, than the mass loss rate of the sample. This results in discontinuity of the 
measurement. In this case the cone test data is disregarded for the analysis if it happens 
during critical moment such as ignition. Otherwise, the mass loss rate measurement is 
used if the abnormality of the measurement occurs at relatively less important time such 
as significantly late part of the cone test, by making assumption that the discontinued 
curve at the certain time is reasonably close to the curve at the previous and next time 
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step so that overall measurement makes a smooth curve. In addition, since it is hard to 
obtain E, A, and Hv individually, it should be emphasized that estimated value of these 
values can only be used effectively for the FDS input data. The individual value for E,A 
and Hv is not valid for other application.  
For the analysis, 25mm thick black PMMA is used at incident heat flux 50 kW/m2. As 
mentioned in Chapter 6.1, PMMA is a thermoplastic material and the results from the 
modeling indicate relatively good agreements with the cone test data. In addition, the 
mass loss rate data from the test shows PMMA has a quasi-steady condition, as Staggs12 
found in his research. This condition meets the criteria for our modeling; a sharp 
increased mass loss rate after ignition and reach an approximately steady region. Each 
step of the bounding exercise is examined and the results from the bounding exercise for 
PMMA, as an example, are discussed later in this Chapter. 
5.2.1 Part I: 
In part I, the priority is the target surface temperature. Two material properties, thermal 
conductivity and specific heat, are estimated by matching the surface temperature history 
with the target. The pyrolysis flux term is set to null by choosing high value for the 
activation energy. 
Step 1  
Measure the target temperature history at the surface (x=0mm) and in-depth (if 
available) during the cone test. 
Step 2  
Set a reasonable time range for matching the model temperature with the target 
temperature. A time range of 10% to 50% of the time to ignition, or characteristic time 
 53
(ratio of time to time to ignition, dimensionless), is selected here because it is assumed 
that the material is thermally inert, or inactive of pyrolysis term, before ignition and it is 
likely that this assumption would be satisfied in a time range of 10% to 50% of pre-
ignition condition. 
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Figure 13: PMMA Target surface temperature vs characteristic time 
 
From Figure 13, it is shown that the target temperature at the beginning remains high 
and decrease sharply before the characteristic time of 0.1. This temperature history 
pattern is also observed in other cone tests. The reason for this phenomenon is related to a 
time delay of the thermometer measurement. If the thermometer view changes suddenly, 
for example changing a view from a hot surface to a cool surface, the thermometer can 
not respond immediately. Although the reason of this phenomenon is unknown, if it 
occurs at the very beginning of the test, approximately less then the characteristic time of 
0.1, it is considered as an insignificant influence on the data. 
 
 
 
time range 
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Step 3 
To make the model inert, set the activation energy high (i.e. E=1E+12). Since the 
bounding exercise only focuses on the surface temperature history and it is based on the 
assumption of the thermally inert condition, the pyrolysis flux term should remain a 
significantly small number, approximately less than 1. The best way to set the small 
number pyrolysis flux low is to set the activation energy high. 
 
Step 4  
Estimate standard values for k, c which show a reasonable match to the 
temperature history between the model and the target. From Figure 14, the surface 
temperature history of Case 1, a standard (middle) values for k and c, the temperature gap 
between the model and the cone test data narrows after the characteristic time of 0.2 until 
0.9. The deviation between them is 1 K to 5 K. Considering the thermometer error from 
Chapter 4.4.1, which is 1% of reading, this deviation is within the error range of the 
measurement.  
As a rule of thumb, initial values should be determined from an reference source 
in the similar material category to speed up the process. If the input data is unknown, 
the best starting point is to use values from the outside source and begin to make 
adjustments. 
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Figure 14: PMMA Surface temperature history deviation between model and cone 
test data with HF=50 kW/m2 
 
 
 
Step 5  
After selecting the standard values, estimate the upper and lower bounds. For 
example thermal conductivity k for the standard value is 0.00017 kW/m/K and estimated 
values for the upper and lower values are 0.00022 kW/m/K and 0.00012 kW/m/K 
respectably. The deviation is ± 0.00005 kW/m/K, or approximately 30% of the standard 
value. This deviation is considered to be reasonable because the material property such as 
k and c for PMMA and other plastic material actually are not a constant value rather 
temperature dependent variable. The material properties also vary with the material 
composition and construction method34. For example, thermal conductivity of Molded 
Acrylic for General Purpose is 0.00019 kW/m/K to 0.00024 kW/m/K, which is 
approximately about 30% deviation. 
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These upper and lower bounds should result in the surface temperature history 
from modeling that provides the best reasonable overlap with the target. Considering 
Figure 15, the surface temperature deviation between the standard and upper/lower value 
is approximately 10 K to 50 K or 10% of the standard value. If it is considered that there 
is a uncertainty of any measurements or derived ignition property such as Heat Release 
Rate (HRR) at least 5% to 10%, this deviation is acceptable*. 
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Figure 15: PMMA Surface temperature before ignition at HF=50kW/m2 
 
 
5.2.2 Part II: 
The mass flux is the main target in Part II. The value of A, E, Hv are estimated by 
matching the mass flux with the target 
                                                 
* Reference regarding the uncertainty is from Ohlemiller et all, Measurement Needs for Fire Safety: 
Proceedings of an International Workshop, NISTIR 6527, NIST. The author mentioned the uncertainty of 
the small scale HRR is 5% (Enright/Fleischmann, 1999) and the large scale HRR is 7% (Dahlberg, 1994) 
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Step 6  
Turn activation energy on. Once thermal conductivity k and specific heat c are 
estimated, the pyrolysis properties are the next step. This is a Part II since thermal 
boundary conditions of the model are changed after ignition. There is the flame on the 
surface of the sample and of course the flame is resulted from the pyrolysis flux. To 
begin with Part II, activation energy E, pre-exponential factor A and heat of vaporization 
Hv are put into the model. As mentioned earlier, using values from other reference for the 
similar material if there is no source available is recommended.  
Estimate standard values for Hv, A, E that match the mass flux history from the 
cone test data. Time to ignition from the cone test is 24 second. From Figure 16 it is 
shown that mass flux is rising around 25 seconds and it reaches a relatively steady region 
after 60 sec. The mass flux history of Case 1, standard value, indicates a agreement with   
the target, especially initial stage of the mass flux and the later steady state part of the 
mass flux 
The mass flux is very sensitive to the activation energy (E). The activation energy 
(E) controls the time to ignition. For example if E is too high, the mass flux increases 
slowly or even never activates. If E is too low, the mass flux easily overshoots the target. 
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Figure 16: PMMA Mass flux history with standard pyrolysis values at 
HF=50kW/m2 
 
 
Step 7  
After selecting the standard values estimate the upper and lower bounds. For 
example, activation energy E=155 ± 5 kJ/mol, which has the deviation of approximately 
3% from the standard. As mentioned above, the mass flux is highly sensitive to the 
activation energy E. 
These upper and lower bounds should result in the simulated mass flux history 
that provides a reasonable “overlap” with the target. The term “overlap” is explained 
with Figure 17 - 19. The role of upper bound is to predict the upper level of the mass flux 
such as a peak mass flux of the target. The lower bound is to simulate a relatively steady 
state of the mass flux, which is often followed by a peak mass flux in the wood material 
and other FRP materials. In the meanwhile, the standard curve is set approximately as the 
average between the upper and lower bounds, or it follows Target mass flux directly if 
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there is no peak mass flux or depleted mass flux history. The mass flux from PMMA 
indicates this case; it has a relatively long steady state instead of a peak mass flux. As 
shown in Figure 17, the standard mass flux curve follows Target data and upper/lower 
bounds are bounding the standard value with approximately 5 to 10 g/s/m2 of the mass 
flux.  
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Figure 17: PMMA Mass flux history with standard k, c at HF=50kW/m2 
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Figure 18: PMMA Mass flux history with Upper k, c at HF=50kW/m2 
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Figure: 19 PMMA Mass flux history with Lower k, c at HF=50kW/m2 
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Step 8  
Investigate different material properties to reproduce reasonable results from 
modeling. There are total nine sets of estimated material property in Table 4. Cases 1 
through Case 3 have fixed pyrolysis properties with two variables k and c. And it is 
estimated at Part I. Case 4 through Case 9 indicate different sets of pyrolysis properties 
with fixed values of k and c that are dependant to the mass flux. Case 1 is the standard 
value for both surface temperature and mass flux. 
 
Table 4: PMMA Material property 
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
Conductivity k [kW/mK] 0.00017 0.00022 0.00012 0.00017 0.00017 0.00022 0.00022 0.00012 0.00012
Desity    [kg/m3] 1180 1180 1180 1180 1180 1180 1180 1180 1180
Thermal capacity c [kJ/kgK] 1.9 2.3 1.5 1.9 1.9 2.3 2.3 1.5 1.5
Heat of vaporization hv [kJ/kg] 2000 2000 2000 2500 1500 2500 1500 2500 2500
Pre-exponetial factor A [s-1] 8.50E+09 8.50E+09 8.50E+09 9.50E+09 7.50E+09 9.50E+09 7.50E+09 9.50E+09 7.50E+09
Activation energy E [kJ/mol] 119 119 119 121 117 121 117 121 117
I. k,c Estimation (Before Ignition) II. dHv, A, E/R Estimation (After ignition)Input Parameter Unit
ρ
 
 
 
Decide the best set of three bounds (standard, upper and lower) by selecting the 
curve that predict the mass flux most realistically compared with the target, the 
cone test data. This is most difficult part in the bounding exercise since all nice cases 
have reasonably close deviation from each other and there are no significant differences 
of the surface temperature and the mass flux history. However, when we take a close look 
at each case, especially the mass flux from each case indicates slightly different 
characteristic. For example, the mass flux before ignition from each case predicts a 
different shape and magnitude. From Case 2, Case 6 and Case 7, the mass flux before 
ignition is very small (around 2 g/s/m2) compared with Case 1. From Case 3, Case 8, and 
Case 9, the mass flux before ignition is much higher (above 5 g/s/m2) than those from 
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Case 1. The Latter cases seem to be rather unrealistic. Three cases that the upper and 
lower bound support the standard value with the smallest deviation are selected as the 
final recommendation. 
 
Table 5: PMMA Recommended material property 
Lower Standard Upper
Case 6 Case 1 Case 5
Conductivity k [kW/mK] 0.00022 0.00017 0.00017
Desity    [kg/m3] 1180 1180 1180
Thermal capacity c [kJ/kgK] 2.3 1.9 1.9
Heat of vaporization hv [kJ/kg] 2500 2000 1500
Pre-exponetial factor A [s-1] 9.50E+09 8.50E+09 7.50E+09
Thickness of surface cell [m] 8.09E-05 8.09E-05 8.09E-05
Pre-exponetial factor A in FDS [m/s] 384424 343958 303493
Activation energy E [kJ/mol] 121 119 117
Input Parameter Unit
ρ
 
 
 
5.2.3 Analysis of Bounding Exercise 
 
Throughout the surface temperature analysis, it is shown that the temperature deviation 
depends upon k and c. Lower value of k and c result in higher surface temperature since 
the heat transfer would be slowed by the lower conductivity. High surface temperature 
produces larger mass flux. This large mass flux affects arranging the surface temperature; 
it decreases the surface temperature by taking the energy out of the surface. As a result, 
the sample with lower k, c yields a much higher degree of temperature deviation than 
those with higher k, c 
 For mass loss rate calculation, an integrated area of the target measured mass loss rate 
from the test is used for the quantitative mass flux criteria. The target area is determined 
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from time between the ignition and the end of flame when the flame reduces 
significantly. If the flame height decreases it begins to undermine the surface boundary 
condition where the flame is set to a certain height and shape. Therefore the model 
calculation should stop before the flame reduces too small (i.e. 2 cm).  Mass flux 
simulated by modeling represents the realistic pyrolysis behavior. It captures the moment 
of ignition when mass loss rate increases rapidly. It should be terminated when the fuel 
source is exhausted. To do so, the model calculation ends if the mass lost from model 
reaches the target mass lost. Therefore, it is likely that upper bound of the mass flux 
history is somewhat shorter than the target. This is shown in Figures 17 - 19. 
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6.0 RESULTS AND ANALYSIS 
 
Originally, the cone tests for each material were conducted at three different external 
heat flux level. The cone heat flux of 50 kW/m2 is considered as a standard level. The 
other two different heat flux levels are at 35 kW/m2 and 75kW/m2. For the purpose of 
comparison, the results from the cone test at 50 kW/m2 are discussed in this Chapter. 
Other results will be addressed in Appendix A.  
Throughout the cone test each samples indicated the unique ignition behavior. Some 
materials charred, some were completely burned without residue and the others showed 
somewhat more complicated behavior. After in-depth analysis on the test observation, the 
surface temperature and mass loss rate (MLR) history, all samples are divided into four 
categories; non-charring material, charring material, intermediate material and unable to 
model material. The bounding exercise and/or analysis are done by each cases. 
 
6.1 NON-CHARRING MATERAL 
 
Non-charring material in this study is PMMA. The results and the recommended 
material properties of PMMA are already discussed in Chapter 5, therefore, Figures and 
Tables are not listed here. As shown in Figure 16 to Figure 19, PMMA indicates a typical 
pyrolysis behavior of thermally thick thermoplastic in which mass loss rate is increased 
rapidly at the ignition and then the surface temperature and MLR reach a plateau until the 
sample burned completely without any residue left. Since the surface temperature is the 
only driving force the MLR, once the surface temperature reaches the plateau, which 
 65
occurs at ignition due to energy balance at the surface boundary, the MLR will be 
constant thereafter. The model prediction has well agreement with the test results. 
From the results (Recommended Material Property), it is desired to verify the results. 
Fortunately, PMMA is one of the most commonly tested materials and the material 
properties can be obtained from other literature. From Chapter 2, Vovelle et al. studied  
the pyrolysis model of PMMA, and the material properties are applied as constant values. 
Following is a comparison of the material properties between the bounding exercise 
results and the material properties that Vovelle used in his study. 
 
Table 6: Material property comparison 
Input Parameter Unit Vovelle et al. Bounding Exercise (%) 
Conductivity k  [kW/m/K] 0.000185 0.00017 -9 
Density     [kg/m3] 1170 1180 1 
Thermal capacity c  [kJ/kg/K] - 1.9 - 
Heat of vaporization Hv  [kJ/kg] 1007 2000 50 
Pre-exponential factor A  [s-1] 3.20E+09 8.50E+09 62 
Activation energy E  [kJ/mol] 142 119 -19 
Emissivity - 0.92 1 8 
Convective Coefficient [kW/m2/K] 0.01 0.01 0 
 
From Table 6, material properties from both show relatively good agreement except 
heat of vaporization and pre-exponential factor. For the heat of vaporization Vovelle et 
all used the value measured by Tewarson (1976), which is related to the heat of 
gasification by ∫ += HvdTTcH pG )( . Since there are some factors which can result in 
different results, for example slightly different type of PMMA may be applied, and 
recommended material properties from the bounding exercise are designed for the 
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specific application (FDS), the results from the bounding exercise may not represent the 
real values or are simply different than the results from other sources. 
Since Vovelle et all used material properties similar to our study it would be worth to 
compare the structure of both model to see the difference or similarities. From Table 1 
the governing equation and the boundary conditions are as follows; 
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Eq. 6.2 is the mass loss rate, and Eq. 6.3 and Eq.6.4 are the surface boundary condition 
and the back face boundary condition respectively. The main difference between two 
models is the governing equation. Vovelle’s model has a pyrolysis term in the governing 
equation instead of putting the pyrolysis term into the surface boundary condition. This 
shows the authors were interested in not only surface temperature but the temperature 
distribution throughout the sample, and the relationship between the temperature and the 
pyrolysis energy. The net heat flux absorbed at the surface tsQ ′′&  was calculated from the 
radiant heat flux exchange between the heater (panel) and the sample and the heat loss at 
the surface. The mass loss rate in Eq. 6.2, however, is the same as the model in this study   
he material properties are also same including k )(λ , ρ , c, E, Hv and A (B). 
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6.2 CHARRING MATERAL 
 
20 mm thick red oak is used for the cone test.  For the in-depth temperature 
measurement the thermocouple probe is inserted 4 mm below the surface. The red oak is 
a charring material and has shown different behavior than other plastics or FRP materials. 
Since the model does not have a function to simulate charring, it is difficult to predict the 
material behavior. Followings are the surface and back face temperature history and the 
mass flux history from the bounding exercise. 
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Figure 20: Red Oak Surface temperature history with standard pyrolysis values at 
HF=50kW/m2 
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Figure 21: Red Oak In-depth temperature history with standard pyrolysis values at 
HF=50kW/m2 
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Figure 22: Red Oak Mass flux history with standard pyrolysis values at 
HF=50kW/m2 
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Figure 23: Red Oak Mass flux history with standard k, c at HF=50kW/m2 
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Figure 24: Red Oak Mass flux history with upper k, c at HF=50kW/m2 
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Figure 25: Red Oak Mass flux history with lower k, c at HF=50kW/m2 
 
 
As shown in Figure 20 to Figure 25, it is difficult to estimate the accurate MLR due to 
charring process after ignition (or after the surface being charred). Unlike PMMA, the 
MLR of red oak has a sharp peak right after the ignition. This phenomenon can be 
explained by L. Yang’s study18 found that char formation somewhat affects the pyrolysis. 
The main reason for this discrepancy between the bounding exercise and the cone test 
result is because there is no mechanism in the model to measure the density changes due 
to the charring. In most cases the char tends to hamper heat transfer into virgin layers and 
MLR from the modeling, without this mechanism, does not have a peak. The model is 
designed too simple to predict the charring behavior. In addition, MLR seems to be 
highly depending upon E (activation energy). The surface emissivity of the sample is set 
to 1 in the modeling and for the IR thermometer in the cone test. From test observations, 
the flame height was approximately 2 cm to 4 cm, which is relatively small not giving 
enough flame heat flux and the surface was regressing. 
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Table 7: Red Oak Recommended material properties 
External Source
Lower Standard Upper
Case 4 Case 1 Case 7
Conductivity k [kW/mK] 0.00021 0.00021 0.00027 0.00015 - 0.00021
Desity    [kg/m3] 660 660 660 660
Thermal capacity c [kJ/kgK] 3.5 3.5 3.9 1.4 - 1.7
Heat of vaporization hv [kJ/kg] 4000 2700 1400 -
Pre-exponetial factor A [s-1] 3.50E+09 2.50E+09 1.50E+09 -
Thickness of surface cell [m] 6.47E-05 6.47E-05 6.47E-05 -
Pre-exponetial factor A in FDS [m/s] 113304 80931 48559 -
Activation energy E [kJ/mol] 120 115 110 -
Bounding Exercise
SFPE HandbookInput Parameter Unit
ρ
 
 
Comparing the results from Table 7 to the material property from the external source, it 
is shown that the thermal conductivity k from the bounding exercise is close to the 
reference. However, there is a significant gap for the specific heat c. The bounding 
exercise result is approximately 50% larger than the reference value. This large 
discrepancy of the specific heat possibly results from the fundamental difference between 
the model and the real material behavior under the cone as noted earlier. The model can 
not predict or perform the bounding exercise with the reference value because the model 
is too simplified for a charring material. Therefore, the specific heat is a rather effective 
value than a real value. In addition, it is no surprise for the exact value for the density 
since the density of the red oak for the bounding exercise is used from the reference. 
 
6.3 INTERMEDIATE MATERAL 
 
Intermediate material is one that has pyrolysis characteristics from both charring and 
non charring materials. MLR shows a small peak several different times, yet it tends to 
stay on the constant level until flame is extinguished. The FRP materials that shows this 
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pattern are considered as an intermediated material. An intermediate material usually has 
a residue which depends on the composition of the materials.  
6.3.1 A-1 
 
A-1 is 70 mm thick seat cushion foam and fabric combination. Two fabrics with 2 mm 
thickness are placed on the top and bottom of the seat cushion. This sample is used in a 
subway car. 
 
 
Figure 26: A-1 Sample 
 
Sample surface (fabric) was partially shrunken as the shutter was open. Surface began 
to ignite with bubbling. Tall flame, which is according to geometric criteria for flame 
heat flux, lasted only approximately 30 seconds. Foam cushion did not melt or ignite but 
smoldered (see Figure 27). Foam cushion began to char and only 10 mm from the surface 
including fabric was burned after flame was out. No deformation, dripping or 
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intumescences occurred. Burning behavior of the samples from Test I and Test II were 
consistent. 
 
Figure 27: A-1 Side view of burnt sample after test 
 
This sample is a combination of two different materials yet considered one material for 
the bounding exercise. Therefore the material properties from the bounding exercise are 
all “effective” values rather than the “real” values measured by individually. Material 
Properties from external source are not available. The results from the bounding exersice 
are followed as follows; 
Table 8: A-1 Material property 
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
Conductivity k [kW/mK] 0.0004 0.00049 0.00031 0.0004 0.0004 0.00049 0.00049 0.00031 0.00031
Density    [kg/m3] 155 155 155 155 155 155 155 155 155
Specific Heat c [kJ/kgK] 5 5.8 4.2 5 5 5.8 5.8 4.2 4.2
Heat of vaporization hv [kJ/kg] 4000 4000 4000 8000 2000 8000 2000 8000 2000
Pre-exponential factor A [s-1] 1.00E+10 1.00E+10 1.00E+10 2.00E+10 5.00E+09 2.00E+10 5.00E+09 2.00E+10 5.00E+09
Activation energy E [kJ/mol] 112 112 112 122 109 122 109 122 109
Sample Thickness [m] 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Thickness of surface cell [m] 2.27E-04 2.27E-04 2.27E-04 2.27E-04 2.27E-04 2.27E-04 2.27E-04 2.27E-04 2.27E-04
Pre-exponential factor A in FDS [m/s] 1133039 1133039 1133039 2266078 566520 2266078 566520 2266078 566520
Input Parameter Unit I. k,c Estimation (Before Ignition) II. dHv, A, E/R Estimation (After ignition)
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Figure 28: A-1 Surface temperature history with standard pyrolysis values at 
HF=50 kW/m2 
 
 
Ignition occurred at 15 seconds. Temperature deviation within the boundary is 
approximately 50 K and the deviation becomes smaller when it is getting close to ignition 
(approximately 10 seconds after the test began) According to test observation and test 
data, time to ignition is relatively short and two measured surface temperature (Target I 
and Target II) matches well. 
Figure 29 shows the in-depth temperature history (x=2mm). Thermocouple is attached 
on back side of fabric with thickness of approximately 2mm. In Figure 29, the model 
temperature history with various properties remains in 50 K temperature boundary of the 
Target I. Around 19 sec. (4 sec after ignition) the target temperature across the model 
temperature and Target increase sharply since the whole fabric part begin to get involved 
in direct flame. 
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Figure 29: A-1 In-depth (x=2mm) temperature history with standard pyrolysis 
valueds at HF=50 kW/m2 
 
Figure 30 indicates temperature history at the back face. From Figure 30, it is shown 
that back face remains at atmospheric temperature (298 K) with +- 3K of the 
thermocouple error range. The model and target temperature, therefore, never interact 
between surface and back face. The test measurements verify that the back face boundary 
condition satisfies the adiabatic boundary condition. 
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Figure 30: A-1 Back face temperature history with standard pyrolysis values at 
HF=50 kW/m2 
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For MLR calculation, integrated area of the target (measured mass loss rate from the 
test) is used to simulate the best mass loss curve fit. There is some noise at the beginning 
(0 - 25 sec.) due to the vibration caused by the light weight of the sample. The load cell, 
which measures mass lost, can be easily disturbed by vibrations from other source (i.e. 
sample pump and compressor). Target (I, II) MLR curve have been modified from the 
original MLR data in order to remove the noise. The target area is set with time range 
from 11 sec. to 45 sec. and the removed noises are excluded from the target area. Due to 
short period of ignition, which is based on geometric flame criteria* for flame heat flux, 
and noises on MLR, it is difficult to obtain a clear match between modeling and Target. 
To get reasonable MLR, standard curve catches approximately half of first and second 
peak of Target I. In upper bounding case, MLR gets the whole first and second peak of 
Target I and tries not to catch the first peak since there is a possibility of over shooting. 
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Figure 31: A-1 Mass flux history with standard pyrolysis values at HF=50 kW/m2 
 
                                                 
* Flame on the surface should be taller than a certain height in order to estimate the radiant flame heat flux. 
In this case, the flame height is assumed to be at least 5 cm or 2 in.  
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Figure 32: A-1 Mass flux history with standard k, c at HF=50 kW/m2 
 
 
From Figure 32 to Figure 34, three MLR curves (upper, middle and lower range) are 
obtained. Standard MLR curve (Case 1) catches approximately middle of first and second 
peak of Target I. Upper bound of MLR curve (Case 5) gets most of first and second peak 
of Target I trying not to catch first peak due to possibility of overshoot. Since the 
integrated area of the target is much smaller than the shown entire MLR curve due to the 
short flame duration, the upper bound as well as the standard value ends much quicker 
than expected. However lower bound of the mass loss rate lasts for a longer period 
simulating the later part of the MLR of the target. From the result, it is shown that the 
bounding exercise has the best performance by predicting three most important parts on 
the mass loss rate of the target. Firstly, upper bound of the mass loss rate has a peak and 
suddenly stops around 40 seconds as if the sustainable flame goes up and quickly 
disappears, which is observed in the cone test. Secondly, the lower bound approximates 
the small amount of the MLR that lasts until there is no other flames are left as if there is 
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no actual ignition during the cone test except the smoldering of the surface. Thirdly, the 
mass loss rate history with the standard value (Case 1) is located somewhat between two 
extreme cases (upper and lower bound) as if it represents the average value of the mass 
loss rate from the target. Three mass loss rate curves provide the user additional options 
for the application with distinctive characteristics in each case.  
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (sec)
M
as
s L
os
s R
at
e 
(g
/s/
m
2)
Case 2
Case 6
Case 7
Target I
Target II
 
Figure 33: A-1 Mass flux history with upper k, c at HF=50 kW/m2 
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Figure 34: A-1 Mass flux history with lower k, c at HF=50 kW/m2 
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From the analysis, the following material properties are recommended as the best 
estimated values for FDS input data. Figure 35 and Figure 36 show the surface 
temperature history and the mass loss rate history based on the recommended material 
properties. 
 
Table 9: A-1 Recommended material property 
Upper Standard Lower
Case 9 Case 1 Case 6
Conductivity k [kW/mK] 0.00031 0.0004 0.00049
Density    [kg/m3] 155 155 155
Specific Heat c [kJ/kgK] 4.2 5 5.8
Heat of vaporization hv [kJ/kg] 2000 4000 8000
Pre-exponential factor A (FDS) [m/s] 566520 1133039 2266078
Activation energy E [kJ/mol] 109 112 122
Sample Thickness [m] 0.07 0.07 0.07
Input Parameter Unit
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Figure 35: A-1 Surface temperature history with recommended material property at 
HF=50 kW/m2 
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Figure 36: A-1 Mass flux history with recommended material property at HF=50 
kW/m2 
 
 
From the composition of this material system (fabric + foam cushion with fire retardant 
material), the ignition behavior of the sample is somewhat complex and difficult to 
estimate material properties. As mentioned earlier, all estimated material properties from 
this exercise are legitimate only as FDS input data. In other cases, each property such as k 
and c can be different from individual measurement. In addition, the bounding exercise is 
performed with the given back face temperature from the cone test data and from the 
adiabatic boundary condition. 
As mentioned above, the intermediate materials tend to leave residue after the test 
completed. In this case only the fabric on the top of the foam cushion did burn 
completely. Quickly after the fabric ignited the flame did not sustain on the foam cushion 
for a long period. A charred layer approximately 2 mm from the top remained. This 
ignition behavior is represented on the mass loss rate history of the target. It shows the 
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peak mass loss rate and long steady state of the mass loss rate such as thermoplastics. 
Putting all these factors together, A-1 is considered as one of the intermediate material 
that is solved by the simple thermoplastic model with few unknowns or input data by the 
bounding exercise. However, there is also a problem that it is hard to compare these 
estimated values to relatively well known reference. This problem is left for the future 
work. 
 
6.4 Unable to Model Material 
 
During the cone tests, certain materials are not able to analyze. The typical ignition 
behavior of these materials is observed as a continuous deformation. The thermoplastic 
completely deforms and the material is significantly bent. Since the model is based upon 
one dimensional heat transfer, once deformation occurs, the material is considered to be 
out of the ability, or criteria for the modeling due to the geometrical instability. Two 
materials which are non testable material are discussed here with some photo evidence. 
This issue also throws a question mark on the test method and the regulation of the 
material application. 
 
6.4.1 A-2 
 
A-2 is 2.5 mm thick acrylic/PVC plastic as a subway car seat shroud. The surface of 
the sample is relatively soft and flexible. The surface began to deform after a shutter 
opened (4-10sec). Ignition occurred at 44 seconds. 
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Figure 37: A-2 Sample 
 
 
Flame height was approximately 20 cm. The sample deformed significantly after 
ignition and produced a large amount of dark gray smoke; it became a ball shape 
eventually. The flame attached the whole surface of the sample as its geometrical 
dimension changed. The burning behavior of the samples from Test I and Test II seemed 
to be consistent.  
As mentioned earlier material property estimation method is based on a 1-D heat 
transfer analysis using Finite Deference Method (FDM) modeling. To conduct the 
modeling, the model should consist of geometrical stability. Once the shape of model (or 
sample in the Cone test) will change or deform significantly, FDM modeling is no longer 
operative. Unfortunately, A-2 (acrylic/PVC) sample underwent severe deformation and 
its geometrical instability made FDM modeling impossible. As a result, Bounding 
Exercise of A-2 is not available. 
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Figure 38: A-2 Close view of burning sample 
 
 
 
 
 
 
Figure 39: A-2 Close view of deformed sample 
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Figure 40: A-2 Surface of burnt sample after test 
 
 
6.4.2 H-1 
 
H-1 is a polycarbonate lens material. The surface of the specimen is notched as shown 
in Figure 41; top-6mm and bottom-3mm. the surface began to deform after the shutter 
was open. Ignition occurred at 58 seconds. 
 
Figure 41: H-1 Sample 
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The fame height was approximately 30 cm. Sample intumesced at 30-50 mm. Flame 
attached the whole surface of the sample as its geometrical dimension changed. 
According to test observation the sample bent and made a conical shape eventually. In 
this case heat conduction into the specimen is not 1-D but 3-D. The consideration about 
this issue provides one the assignment for the future work. 
 
Figure 42: H-1 Close view of deformed sample 
 
 
Figure 43: H-1 Surface of burnt sample after test 
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7.0 CONCULSION 
 
A series of bounding exercises were performed using a simple 1-D heat conduction 
model with a pyrolysis surface boundary condition. From the analysis of the bounding 
exercise, it is known that the thermoplastic material such as PMMA has the best 
agreement in the surface temperature and the MRL between the model and the cone test 
data. In addition, the estimated material properties from the bounding exercise agree with 
the reference from other sources (see below). 
From Table 6: Data comparison 
Input Parameter Unit Vovelle et al. Bounding Exercise (%) 
Conductivity k  [kW/m/K] 0.000185 0.00017 -9 
Density     [kg/m3] 1170 1180 1 
Thermal capacity c  [kJ/kg/K] - 1.9 - 
Heat of vaporization Hv  [kJ/kg] 1007 2000 50 
Pre-exponential factor A  [s-1] 3.20E+09 8.50E+09 62 
Activation energy E  [kJ/mol] 142 119 -19 
Emissivity - 0.92 1 8 
Convective Coefficient [kW/m2/K] 0.01 0.01 0 
 
The model also successfully depicted some of material behaviors. The surface 
temperature of all samples (except Unable to model sample) indicated consent between 
the model and the cone test. Moreover the model simulated the initial mass flux peak 
over all samples even though it did not predict the accurate mass flux of the charring 
materials. The model showed the sensitivity of the activation energy. Timeliness of the 
initial mass flux peak is determined by the activation energy. 
Some materials such as A-2 and H-1 can not able to be analyzed due to their burning 
behavior (or geometrical instability). More so, charring material such as red oak showed 
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the model is not able to simulate the charring mechanism without additional variables. 
Bounding exercise also indicates its own limitation:  
? There is no absolute answer. It is difficult to verify the results without proper 
reference data. Unfortunately there is little information on most sample (except 
red oak and PMMA). 
? Decision for bounds (upper, middle, lower) highly depends on the user in some 
cases. There is a possibility of different result over one sample from different 
user because the bounding exercise does not require quantitative criteria. People 
may have the different standard. 
? Results from the bounding exercise such as recommended material properties 
do not represent the specimen’s native character. In other word, those properties 
are not interchangeable with other application.  
? The model is limited to simulate actual pyrolysis behavior.  
The intent of the bounding exercise is to provide relatively simple means of material 
property estimation with all the limitations. Understanding nature of burning behavior of 
materials and fundamental fire physics and chemistry is more important to improve the 
model for the future. Particularly, pyrolysis mechanism under ignition and burning 
behavior of composites are key factors to develop a more precise model. Bounding 
exercise equipped with improved model will be able to adopt more quantitative ideas for 
the best material property estimation. 
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8.0 FUTURE WORK 
  
Throughout this study, some recommendations addressed for future work are made and 
noted below:  
? Verification of the bounding exercise. The major limitation of this study 
would be the fact that there is no compatible data for verification. In the 
absence of counter measurement, ones value is still out of reach to be verified 
in a confident level. To solve this problem, results from running FDS would be 
appropriate for future work.  
? Remodeling of the current 1-D thermoplastic pyrolysis model. The model 
that was developed in this study is required to additional features for the larger 
field of application. Putting additional functions on the current model regarding 
not only thermoplastics but also charring materials will expand the application 
widely.  
? Bounding exercise. Since the current bounding exercise is a semi quantitative 
tool, new method for automatic calculation based on quantitative criteria is 
desired to be made in the future work.  
? Improvement of the measuring devices. A recommend for a fully integrated 
additional measuring apparatus such as the IR thermometer with the cone 
calorimeter is needed for better measurement with least damage to the 
instrument. A fully retractable brace for the IR thermometer is doable so that it 
can be easily removed from the top of the sample once ignition occurs. 
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APPENDIX A BOUNDING EXERCISE RESULTS FROM THE CONE 
CALORIMETER TEST AT 50 KW/M2 
 
A.1 Polyester Panel 
 
 
Figure 44: Polyester panel 
 
Polyester panel is a 3 mm thick composite material based on a mixture of polyester 
resin and generic glass reinforcement. Surface of the material is hard and rigid.  
Material Properties from external source (www.matlab.com) 
k = 0.34 – 0.41 W/mK 
ρ = 1900 kg/m3 
C = 1.26 kJ/kgK 
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Figure 45: Polyester Surface temperature history with standard pyrolysis value at 
HF=50kW/m2 
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Figure 46: Polyester Surface temperature history with standard k,c at HF=50kW/m2 
Three temperature history capture the target (measured temp. 
from the test) with approximately 50 K temperature deviation  
Temperature Deviation occurred due to energy of 
pyrolysis   
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Figure 47: Polyester surface temperature history with upper k, c at HF=50kW/m2 
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Figure 48: Polyester Surface temperature history with lower k, c at HF=50kW/m2 
 
 
Three temp. sets, here, are blow the Target measured from 
test as using upper bound of standard for k,c  
Temperature deviation is larger than other two cases 
(Figure 46&47)  
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Figure 49: Polyester Mass flux history with standard pyrolysis value at 
HF=50kW/m2 
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Figure 50: Polyester Mass flux history with standard k, c at HF=50kW/m2 
 
 
Mass Flux Bounding exercise using integrated 
mass flux measured from test  
Three different mass flux history 
(upper,standard,lower) by matching them 
with integrated target area  
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Figure 51: Polyester Mass flux history with upper k, c at HF=50kW/m2 
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Figure 52: Polyester Mass flux history with lower k, c at HF=50kW/m2 
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Analysis 
1. The purpose of surface temperature analysis in Figure 45 with three different k, c 
levels (upper, middle (standard) and lower range) is to obtain the surface temperature 
history with reasonable boundaries. Temperature deviation within the boundary is 
approximately 50 (K) and the deviation becomes smaller when it is getting close to 
ignition (0.7< characteristic time (t/tig)< 1 (ignition) 
 
2. From Figure 46 through Figure 48, it is known that the surface temperature is affected 
by pyrolysis energy even before the ignition. From Figure 49 to Figure 52, three mass 
loss rate (MLR) curves (upper, middle and lower range) with each different material 
property are estimated. Each MLR history represents the upper, middle and lower 
parts of the target MLR. From the result, it is shown that there is a mass loss even 
before ignition occurs. Throughout the analysis, following cases provide the best 
upper, middle and lower range of mass loss rate history. 
? Case 1 : best fit into middle (standard) range 
? Case 8 : best fit into lower range 
? Case 5 : best fit into upper range 
 
From the analysis, follow material properties are recommended as a best estimated 
values for FDS input data. 
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Table 10: Polyester Recommended material properties 
Lower Standard Upper
Case 8 Case 1 Case 5
Conductivity k [kW/mK] 0.00042 0.00042 0.00034
Desity    [kg/m3] 1900 1900 1900
Thermal capacity c [kJ/kgK] 2.4 2.4 1.8
Heat of vaporization hv [kJ/kg] 3500 5500 7500
Pre-exponetial factor A [s-1] 9.00E+09 9.50E+09 1.00E+10
Thickness of surface cell [m] 9.71E-06 9.71E-06 9.71E-06
Pre-exponetial factor A in FDS [m/s] 43703 46131 48559
Activation energy E [kJ/mol] 115 125 135
Input Parameter Unit
ρ
 
 
Heat of vaporization, hv, is  considered as an 'effective heat of vaporization' 
For the FDS calculation, the following information is thought to be useful, 
? This FDM model is based upon "semi-infinite" solid 1-D heat transfer condition 
? Governing equation, Surface Boundary Condition and Grid generation are 
accordant with FDS 
? Back Face of sample is used with  an adiabatic boundary condition. (Type A) 
 
A.2 Generic FRP(A-3) 
 
 
Figure 53: A-3 Sample 
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A-3 is 3.5 mm thick a subway car seat shroud material based on FRP. Surface is hard 
and rigid. Sample surface (possibly painted surface) peeled off with crackling sound as 
the shutter was open. Surface began to pop up right before the ignition. Average height of 
the flame was approximately 17 cm. Top surface of the sample peeled off. A large 
amount of dark black smoke was produced. No deformation, dripping or intumescences 
occurred. Burning behavior of the samples from Test I and Test II seemed to be same. 
The results from the bounding exercise is as follows, 
 
 
Figure 54: A-3 Close view of burnt sample after Test 
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Figure 55: A-3 Surface temperature history with standard pyrolysis value at HF=50 
kW/m2 
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Figure 56: A-3 Type B Surface temperature vs back face temperature at HF=50 
kW/m2 
 
 
Temperature deviation at surface in each cases is in apprx. 50 
K Target range 
Back face temperature across the surface temperature 
at approx. 114 sec.  
 98
273
323
373
423
473
523
573
623
0 20 40 60 80 100 120 140 160
Time (sec)
T
em
pe
ra
tu
re
 (K
)
Case 1
Case 2
Case 3
Target I
Target II
 
Figure 57: A-3 Back face temperature history at HF=50 kW/m2 
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Figure 58: A-3 Mass flux history with standard pyrolysis values at HF=50 kW/m2 
 
 
Measured temperature at back face follows 
Target temperature trace  
There are some noises on Target I and II at the beginning (0 
to 25 sec.). The noises are filtered and are not shown here.   
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Figure 59: A-3 Mass flux history with standard k, c at HF=50 kW/m2 
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Figure 60: A-3 Mass flux history with upper k, c at HF=50 kw/m2 
 
 
 
Standard MLR curve (Case 1) catches Region-2 of Target (80-
120sec). Upper bounding of MLR curve (Case 5) gets Region-1 of 
Target (30-70sec). Lower curve (Case 4) catches Region-3 of 
Target (160-210sec)   
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Figure 61: A-3 Mass flux history with lower k, c at HF=50 kW/m2 
 
Analysis 
1. Temperature deviation within the boundary is approximately 50 K and the deviation 
becomes smaller when it is getting close to ignition (after 20 sec.). Figure 57 indicates 
temperature history at the back face. In Figure 57, the back face temperature history, 
with various cases, follows the measured target temperature history. The reason for 
this is that the FDM back face temperature is governed only by the measured 
temperature. According to Figure 56, back face temperature across the surface 
temperature at 114 seconds which implies following: 
? After 100 sec, flame went down significantly and surface kept getting external 
heat flux from the cone. 
? Since the resin of FRP has burned out, only glass contents in the sample 
continue to be heated up resulting in increased back face temperature. 
? As a result, it is believed that calculating MLR at this moment is no longer 
reasonable since there is no actual burning process over the sample. 
? To compensate the total mass lost of the Target, MLR curve extend at the same 
level once back face temperature cross over the surface temperature. 
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2. There is some noise at the beginning (0 - 25 sec.) due to the light weight of samples 
caused by vibration. Target (I, II) MLR curve have been modified to remove the 
noises. The target area is set with time range from 11 sec. to 270 sec and the removed 
noises are excluded from the target area. Due to noises on MLR, it is difficult to get 
clear match between the model and Target. 
? To get reasonable MLR, Standard MLR curve (Case 1) catches Region-2 of 
Target I (80-120sec). 
? Upper bounding of MLR curve (Case 5) gets Region-1 of Target I (30-70sec). 
? Lower bounding of MLR curve (Case 4) catches Region-3 of Target I (160-
210sec) 
 
From the analysis, follow material properties are recommended as a best estimated 
values for FDS input data. 
 
Table 11: A-3 Recommended material property 
Unit Upper Standard Lower
Case 7 Case 1 Case 8
Conductivity k [kW/mK] 0.00018 0.00013 0.00008
Density    [kg/m3] 1685 1685 1685
Specific Heat c [kJ/kgK] 4.4 3.9 3.4
Heat of vaporization hv [kJ/kg] 2200 4000 7000
Pre-exponential factor A (FDS) [m/s] 283260 311586 368238
Activation energy E [kJ/mol] 100 112 125
Sample Thickness [m] 0.0035 0.0035 0.0035
Input Parameter
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Figure 62: A-3 Surface temperature history with recommended material property at 
HF=50 kW/m2 
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Figure 63: A-3 Mass flux history with recommended material property at HF=50 
kW/m2 
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A.3 Painted Acrylic FRP (B-4) 
 
Figure 64: B-4 Sample  
 
B-4 is 3.8 mm thick wall material composed of painted acrylic FRP. The surface is 
hard and rigid. Sample surface was bubbling at t=20 seconds and began to ignite with a 
crackling sound. Flame moved from center of surface to corner at 333 sec (Test End). No 
deformation, dripping or intumescences occurred. Burning behavior of the samples from 
Test I and Test II seemed to be same. 
 
Figure 65: B-4 Close view of burnt sample after test 
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Figure 66: B-4 Surface temperature history with standard pyrolysis values at 
HF=50 kW/m2 
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Figure 67: B-4 Back face temperature history at HF=50 kW/m2 
 
Temperature deviation at surface in each Cases seems to be small  
Back Face temperature history is constant with 
various cases  
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Figure 68: B-4 Surface temperature vs Back face temperature at HF=50 kW/m2 
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Figure 69: B-4 Mass flux history with standard pyrolysis values at HF=50 kW/m2 
 
 
Temperature at surface and back face 
cross over at 230 sec 
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Figure 70: B-4 Mass flux history with standard k, c at HF=50 kW/m2 
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Figure 71: B-4 Mass flux history with upper k, c at HF=50 kW/m2 
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Figure 72: B-4 Mass flux history with lower k, c at HF=50 kW/m2 
 
 
Analysis 
1. Figure 68 indicates temperature history at the surface and the back face. From Figure 
68, it is shown that back face temperature getting higher than surface temperature 
which implies following, 
? Temperature cross over between surface and back face occurs at 230 sec. 
? After 200 sec, flame decreased significantly and surface began to completely 
burn out and just kept getting external heat flux from the cone. 
? Since the resin of FRP has burnt out, only glass contents in the sample continue 
to be heated up from the top surface as it is still under the cone heater. 
? As a result, it is believed that calculating mass loss rate is no longer available 
because there is no actual burning over the sample. 
? To compensate the total mass lost of the measurement (Target), mass loss rate 
curve extend once back face temperature reach out the surface temperature. 
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2. For the mass loss rate calculation, integrated area of the target (measured mass loss 
rate from the test) is used to simulate the best mass loss curve fit. The target area is set 
with time range from 11 sec. to 333 sec. 
3. From Figure 69 to Figure 72, three MLR curves (upper, middle and lower range) with 
each different material property are obtained. 
? Case 1 : best fit into middle (standard) range 
? Case 6 : best fit into lower range 
? Case 9 : best fit into upper range 
 
As a result, following material properties are recommended for FDS. 
 
Table 12: B-4 Recommended material property 
Upper Standard Lower
Case 9 Case 1 Case 6
Conductivity k [kW/mK] 0.00036 0.00042 0.00048
Density    [kg/m3] 1770 1770 1770
Specific Heat c [kJ/kgK] 1.8 2.3 2.8
Heat of vaporization hv [kJ/kg] 4000 6000 8000
Pre-exponential factor A (FDS) [m/s] 54629 57664 60699
Activation energy E [kJ/mol] 116 120 124
Sample Thickness [m] 0.00375 0.00375 0.00375
Input Parameter Unit
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Figure 73: B-4 Surface temperature history with recommended material property at 
HF=50 kW/m2 
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Figure 74: B-4 Mass flux history with recommended material property at HF=50 
kW/m2 
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A.4 Painted Phenolic Skin with Nomex Honeycomb Core (B-1) 
B-1 is 4 mm thick C-car ceiling liner materials with painted phenolic skin with Nomex 
honeycomb core.  
 
 
Figure 75: B-1 Sample 
 
 
Specimen is constructed with two thin (1 mm) phenolic skins bonded with Nomex 
honeycomb core. Surface began to pop up with crackling sound as the shutter was open.  
Ignition occurred at 9 seconds. After ignition, flame lasted about 10 - 25 seconds. Flame 
height was approximately 25 cm. Top surface of the sample did not collapse but banded 
mildly. Burning behavior of the samples from Test I and Test II seemed to be same 
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Figure 76: B-1 Close view of burnt sample after test 
 
Results 
 
Table 13: B-1 Material property 
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
Conductivity k [kW/mK] 0.00024 0.0003 0.00018 0.00024 0.00024 0.0003 0.0003 0.00018 0.00018
Density    [kg/m3] 585 585 585 585 585 585 585 585 585
Specific Heat c [kJ/kgK] 3.1 3.6 2.6 3.1 3.1 3.6 3.6 2.6 2.6
Heat of vaporization hv [kJ/kg] 8000 8000 8000 9500 4500 9500 4500 9500 4500
Pre-exponential factor A [s-1] 2.50E+10 2.50E+10 2.50E+10 3.00E+10 2.00E+10 3.00E+10 2.00E+10 3.00E+10 2.00E+10
Activation energy E [kJ/mol] 105 105 105 125 100 125 100 125 100
Sample Thickness [m] 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
Thickness of surface cell [m] 1.29E-05 1.29E-05 1.29E-05 1.29E-05 1.29E-05 1.29E-05 1.29E-05 1.29E-05 1.29E-05
Pre-exponential factor A in FDS [m/s] 161863 161863 161863 194235 129490 194235 129490 194235 129490
Input Parameter Unit I. k,c Estimation (Before Ignition) II. dHv, A, E/R Estimation (After ignition)
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Figure 77: B-1 Surface temperature history with standard pyrolysis values at 
HF=50 kW/m2 
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Figure 78: B-1 In-depth (x=2mm) temperature history at HF=50 kW/m2 
 
 
Temperature deviation at surface in each cases is in 
apprx. 50 K Target range and Surface temperature 
of FDM match Target for 5 sec (3-8sec)  
Temperature deviation 
between FDM and 
Target I, II exceeds 100 
K after 10 sec. details)  
Heat penetrated top skin 
and contacted T.C.
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Figure 79: B-1 Back face temperature history at HF=50 kW/m2 
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Figure 80: B-1 Mass flux history with standard pyrolysis values at HF=50 kW/m2 
 
 
There are some noises on Target I (0 to 10 sec.) 
and Target II (0 to 30 sec.). The noises are filtered 
and are not shown here.  
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Figure 81: B-1 Mass flux history with standard k, c at HF=50 kW/m2 
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Figure 82: B-1 Mass flux history with upper k, c at HF=50 kW/m2 
 
 
 
Standard MLR curve (Case 1) catches Region-2 of Target 
I (30-70sec). Upper bounding of MLR curve (Case 5) 
gets Region-1 of Target I (10-45sec). Lower bounding of 
MLR curve (Case 4) catches Region-3 of Target I (60-
95sec)  
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Figure 83: B-1 Mass flux history with lower k, c at HF=50 kW/m2 
 
 
Analysis 
 
1. Temperature curves from the modeling and Target match for early time (3-8 sec) and 
the temperature deviation between the modeling and Target I is approximately 50 K. 
According to test observation and test data, time to ignition is relatively short (tig=9 
sec). Since this exercise is focusing on MLR curve, the model surface temperature 
curve matching with Target in early time stage can be tolerated. 
2. Figure 78 shows the in-depth temperature history (x=2mm). Thermocouple is placed at 
the middle of Nomex honeycomb structure. In Figure 78, temperature deviation 
between the modeling and Target increases above 100 K after 10 seconds. One of the 
possible reasons is that due to its physical construction of the specimen, external heat 
(thermal wave) penetrates the top skin in very short period and elevates temperature of 
T.C.  
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3. Figure 79 indicates temperature history at back face. Temperature history of the 
modeling is tracing Target I since it is designed to provide back face temperature for 
the modeling.  
4. There are some noises at the beginning (Target I: 0 - 10 sec., Target II: 0-30 sec.) due 
to the vibration caused by the light weight of samples. Target (I, II) MLR curve have 
been modified to remove the noises. The target area is set with time range from 11 to 
50 seconds and the removed noises are excluded from the target area. Due to noises on 
MLR, it is difficult to get clear match between the modeling results and Target. To get 
reasonable MLR, Standard MLR curve (Case 1) catches Region-2 of Target I (30-
70sec). Upper bounding of MLR curve (Case 5) gets Region-1 of Target I (10-45sec). 
Lower bounding of MLR curve (Case 4) catches Region-3 of Target I (60-95sec). 
5. From Figure 80 to Figure 83, three mass loss rate (MLR) curves (upper, middle and 
lower range) with each different material property are obtained. 
 
  Case 1 : best fit into middle (standard) range 
  Case 6 : best fit into lower range 
  Case 9 : best fit into upper range 
 
Recommended Material Property 
 
From the analysis, follow material properties are recommended as a best estimated 
values for FDS input data. 
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Table 14: B-1 Recommended material property 
Unit Upper Standard Lower
Case 9 Case 1 Case 6
Conductivity k [kW/mK] 0.00018 0.00024 0.0003
Density    [kg/m3] 585 585 585
Specific Heat c [kJ/kgK] 2.6 3.1 3.6
Heat of vaporization hv [kJ/kg] 4500 8000 9500
Pre-exponential factor A (FDS) [m/s] 129490 161863 194235
Activation energy E [kJ/mol] 100 105 125
Sample Thickness [m] 0.004 0.004 0.004
Input Parameter
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Figure 84: B-1 Surface temperature history with recommended material property at 
HF=50kW/m2 
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Figure 85: B-1 Mass flux history with recommended material property at HF=50 
kW/m2 
 
A.5 Painted Phenolic FRP (B-2) 
B-2 is 2 mm thick a subway car side and end wall material as well as a ceiling liner. It 
is consisted of painted phenolic FRP. Skin depth is approximately 0.6 mm. 
 
Figure 86: B-2 Sample  
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Sample surface was charring and cracks occurred. After ignition flame went down 
quickly (tall flame about 25 sec.). No deformation, dripping or intumescences occurred. 
 
 
Figure 87: B-2 Close view of burnt sample after test 
 
Material Properties from external source (www.matlab.com) 
k = 0.44 – 0.73 W/mK 
ρ = 1330 kg/m3 
C = 1 kJ/kgK 
 
Results 
Table 15: B-2 Material property 
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
Conductivity k [kW/mK] 0.00038 0.00043 0.00033 0.00038 0.00038 0.00043 0.00043 0.00033 0.00033
Density    [kg/m3] 1330 1330 1330 1330 1330 1330 1330 1330 1330
Specific Heat c [kJ/kgK] 1.6 2 1.2 1.6 1.6 2 2 1.2 1.2
Heat of vaporization hv [kJ/kg] 4500 4500 4500 5700 3300 5700 3300 5700 3300
Pre-exponential factor A [s-1] 8.50E+09 8.50E+09 8.50E+09 9.00E+09 8.00E+09 9.00E+09 8.00E+09 9.00E+09 8.00E+09
Activation energy E [kJ/mol] 122 122 122 130 114 130 114 130 114
Input Parameter Unit I. k,c Estimation (Before Ignition) II. dHv, A, E/R Estimation (After ignition)
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Figure 88: B-2 Surface temperature history with standard pyrolysis values at 
HF=50 kW/m2 
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Figure 89: B-2 Back face temperature history at HF=50 kW/m2 
 
Temperature deviation at surface between Type A and Type B 
shows small amount  
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Figure 90: B-2 Surface temperature vs back face temperature at HF=50 kW/m2 
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Figure 91: B-2 Mass flux history with standard k, c at HF=50 kW/m2 
  
 
 122
 
0
2
4
6
8
10
12
14
16
18
20
0 50 100 150 200 250
Time (sec)
M
as
s L
os
s R
at
e 
(g
/s/
m
2) Case 2
Case 6
Case 7
Target
 
Figure 92: B-2 Mass flux history with upper k, c at HF=50 kW/m2 
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Figure 93: B-2 Mass flux history with lower k, c at HF=50 kW/m2 
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Analysis 
 
1. Temperature deviation within the boundary is approximately 50 (K) and the deviation 
becomes smaller when it is getting close to ignition (after 40 sec.).  
2. Figure 89 show the back face temperature history. In Figure 89, the back face 
temperature history with various properties remains the same since the back face 
temperature is governed only by the measured temperature using the thermocouple. 
3. From Figure 90, it is shown that back face temperature getting higher than surface 
temperature which implies following;  
? Temperature cross over between surface and back face occurs at 90 seconds. It 
was observed that flame went almost out except a little one located in the corner 
of the sample after 80 seconds.  
? After 80 seconds, surface completely burned out and just kept getting external 
heat flux from the cone.  
? Since the resin of FRP has been ran out, only glass contents in the sample 
continue to be heated up from the top surface as it is still under the cone heater.  
? As a result, it is believed that calculating mass loss rate is no longer available 
because there is no actual burning over the sample. To compensate the total mass 
lost of the measurement (Target), MRL curve extend once back face temperature 
reach out the surface temperature. 
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4. For mass loss rate calculation, integrated area of the target (measured mass loss rate 
from the test) is used to simulate the best mass loss curve fit. The target area is set 
with time range from 16 seconds to 166 seconds.  
5. From Figure 79 to Figure 81, three mass loss rate (MLR) curves (upper, middle and 
lower range) with each different material property are obtained.  
 
  Case 1 : best fit into middle (standard) range 
  Case 8 : best fit into lower range 
  Case 7 : best fit into upper range 
 
Recommended Material Property 
 
From the analysis, follow material properties are recommended as a best estimated 
values for FDS input data. 
 
Table 16: B-2 Recommended material property 
Lower Standard Upper
Case 8 Case 1 Case 7
Conductivity k [kW/mK] 0.00043 0.00038 0.00033
Desity    [kg/m3] 1330 1330 1330
Thermal capacity c [kJ/kgK] 2 1.6 1.2
Heat of vaporization hv [kJ/kg] 3300 4500 5700
Pre-exponetial factor A [s-1] 8.00E+09 8.50E+09 9.00E+09
Thickness of surface cell [m] 1.21E-05 1.21E-05 1.21E-05
Pre-exponetial factor A in FDS [m/s] 48559 51594 54629
Activation energy E [kJ/mol] 114 122 130
Input Parameter Unit
ρ
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A.6 Melamine Sandwich ( E-1) 
 
E-1 is 25.4 mm thick modesty panel based on melamine sandwich structure. 
 
 
Figure 94: E-1 Sample 
 
 
The surface began to pop off right with crackling sound as shutter was open and began 
to delaminate when it ignited. Flame height was approximately 20 cm. Approximately 30 
sec. after ignition, there was secondary ignition at back face of top surface as it was 
delaminated. Burning behavior of the samples from Test I and Test II seemed to be same. 
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Figure 95: E-1 Close view of burnt sample after test 
 
 
Results 
 
Table 17: E-1 Material property 
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
Conductivity k [kW/mK] 0.00052 0.00057 0.00047 0.00052 0.00052 0.00057 0.00057 0.00047 0.00047
Density    [kg/m3] 413 413 413 413 413 413 413 413 413
Specific Heat c [kJ/kgK] 4.1 4.5 3.7 4.1 4.1 4.5 4.5 3.7 3.7
Heat of vaporization hv [kJ/kg] 2000 2000 2000 3500 1000 3500 1000 3500 1000
Pre-exponential factor A [s-1] 3.50E+12 3.50E+12 3.50E+12 4.00E+12 3.00E+12 4.00E+12 3.00E+12 4.00E+12 3.00E+12
Activation energy E [kJ/mol] 195 195 195 205 185 205 185 205 185
Sample Thickness [m] 0.0254 0.0254 0.0254 0.0254 0.0254 0.0254 0.0254 0.0254 0.0254
Thickness of surface cell [m] 8.22E-05 8.22E-05 8.22E-05 8.22E-05 8.22E-05 8.22E-05 8.22E-05 8.22E-05 8.22E-05
Pre-exponential factor A in FDS [m/s] 1.44E+08 1.44E+08 1.44E+08 1.64E+08 1.23E+08 1.64E+08 1.23E+08 1.64E+08 1.23E+08
Input Parameter Unit I. k,c Estimation (Before Ignition) II. dHv, A, E/R Estimation (After ignition)
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Figure 96: E-1 Surface temperature history with standard pyrolysis values at 
HF=50 kW/m2 
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Figure 97: E-1 Back face temperature history at HF=50 kW/m2 
 
 
FDM temperature history are slightly higher than 
Target temp. Temperature deviation at surface in 
each cases is in apprx. 50 K Target range  
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Figure 98: E-1 Mass flux history with standard pyrolysis values at HF=50 kW/m2 
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Figure 99: E-1 Mass flux history with standard k, c at HF=50 kW/m2 
 
 
There are some noises on Target I at116-150 sec. 
The noises are filtered and are not shown here.  
Missing MLR 
due to noises 
Standard MLR curve (Case 1) catches Region-2 of 
Target I (10-12 g/s/m2). Upper bounding of MLR 
curve (Case 5) gets Region-1 of Target I (25 g/s/m2). 
Lower bounding of MLR curve (Case 4) catches 
Region-3 of Target I (5 g/s/m2)  
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Figure 100: E-1 Mass flux history with upper k, c at HF=50 kW/m2 
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Figure 101: E-1 Mass flux history with lower k, c at HF=50 kW/m2 
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Analysis 
 
1. Temperature curves from the modeling are slightly higher than temperature history of 
Target. From the test result, it is known that the ignition time of this particular sample 
is relatively long and there is a jump in the surface temperature around 30 seconds. 
According to the test observation, the surface of the sample began to crack and pop off 
as time goes on. This factor could result in a certain temperature increase. Since the 
sample showed geometrical instability after ignition, obtaining material properties 
using the surface temperature and MLR curve was extremely difficult. 
2. Figure 97 indicates temperature history at back face. 
3. There is some noise at 116-150 seconds in MLR measurement. According to the test 
observation, there is a secondary flame from the back face of the top surface at 35 sec. 
after ignition as the top surface is delaminated from honey-comb core. Since FDM 
calculation is based upon certain geometrical criteria, it can not precede the analysis 
once geometrical instability occurs. The target area is set with time range from 11 sec. 
to 160 sec and the removed noises are excluded from the target area. To get reasonable 
MLR, Standard MLR curve (Case 1) catches Region-2 of Target I (MLR 10-12 
g/s/m2). Upper bounding of MLR curve (Case 5) gets Region-1 of Target I (MLR 25 
g/s/m2). Lower bounding of MLR curve (Case 4) catches Region-3 of Target I (MLR 
5 g/s/m2) 
4. From Figure 98 to Figure 101, three mass loss rate (MLR) curves (upper, middle and 
lower range) with each different material property are obtained. 
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  Case 1 : best fit into middle (standard) range 
  Case 6 : best fit into lower range 
  Case 9 : best fit into upper range 
Recommended Material Property 
 
From the analysis, follow material properties are recommended as a best estimated 
values for FDS input data. 
 
Table 18: E-1 Recommended material property 
Upper Standard Lower
Case 9 Case 1 Case 6
Conductivity k [kW/mK] 0.00047 0.00052 0.00057
Density    [kg/m3] 413 413 413
Specific Heat c [kJ/kgK] 3.7 4.1 4.5
Heat of vaporization hv [kJ/kg] 1000 2000 3500
Pre-exponential factor A (FDS) [m/s] 123339410 143895978 164452546
Activation energy E [kJ/mol] 185 195 205
Sample Thickness [m] 0.0254 0.0254 0.0254
Input Parameter Unit
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Figure 102: E-1 Surface temperature history with recommended material property 
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Figure 103: E-1 Mass flux history with recommended material property 
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A.7 Carpet and Underpad Combination (C-1) 
 
C-1 is 20 mm carpet and under pad combination (carpet-9mm, under pad-11mm). 
 
Figure 104: C-1 Sample  
 
The surface began to boil as shutter was open and began to char and intumesces (about 
2 mm). Flame height was approximately 30 cm. Carpet was burned out completely with 
few charred residue. Burning behavior of the samples from Test I and Test II seemed to 
be same. 
 
Figure 105: C-1 Close view of burnt sample after test 
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Results 
 
Table 19: C-1 Material property 
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
Conductivity k [kW/mK] 0.0003 0.00035 0.00025 0.0003 0.0003 0.00035 0.00035 0.00025 0.00025
Density    [kg/m3] 255 255 255 255 255 255 255 255 255
Specific Heat c [kJ/kgK] 3.7 4.3 3.1 3.7 3.7 4.3 4.3 3.1 3.1
Heat of vaporization hv [kJ/kg] 5500 5500 5500 7500 3500 7500 3500 7500 3500
Pre-exponential factor A [s-1] 9.50E+09 9.50E+09 9.50E+09 1.00E+10 9.00E+09 1.00E+10 9.00E+09 1.00E+10 9.00E+09
Activation energy E [kJ/mol] 113 113 113 122 104 122 104 122 104
Sample Thickness [m] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Thickness of surface cell [m] 6.47E-05 6.47E-05 6.47E-05 6.47E-05 6.47E-05 6.47E-05 6.47E-05 6.47E-05 6.47E-05
Pre-exponential factor A in FDS [m/s] 307539 307539 307539 323725 291353 323725 291353 323725 291353
Input Parameter Unit I. k,c Estimation (Before Ignition) II. dHv, A, E/R Estimation (After ignition)
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Figure 106: C-1 Surface temperature history with standard pyrolysis values at 
HF=50 kW/m2 
 
 
 
 
Temperature deviation at surface in each cases is in apprx. 50 K 
Target range and Surface temperature of FDM match Target for 3 sec 
(3-6sec) 
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Figure 107: C-1 In-depth (x=7.5mm) temperature history at HF=50 kW/m2 
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Figure 108: C-1 Back face temperature history at HF=50 kW/m2 
 
 
 
Temperature historys from 
FDM are in apprx. 50K 
temperature range of 
Target I until 80 sec.  
T.C. direct contact 
with flame 
Back Face temperature in each cases is 
following Target temperature  
Region 2 
Region 1 
Region 3 
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Figure 109: C-1 Surface temperature vs back face temperature at HF=50 kW/m2 
 
 
 
 
0
5
10
15
20
25
30
35
40
0 50 100 150 200 250 300 350 400 450 500
Time (sec)
M
as
s L
os
s R
at
e 
(g
/s/
m
2) Case 1
Case 2
Case 3
Target I 
Target II
 
Figure 110: C-1 Mass flux history with Standard pyrolysis values at HF=50 kW/m2 
 
 
Back Face temperature cross the 
Surface temperature after 245 sec  
There are some noises on Target I and II at the 
beginning (0 to 25 sec.). The noises are filtered 
and are not shown here. 
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Figure 111: C-1 Mass flux history with standard k, c at HF=50 kW/m2 
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Figure 112: C-1 Mass flux history with upper k, c at HF=50 kW/m2 
 
 
Standard MLR curve (Case 1) catches Region-2 of Target 
I (110-170sec). Upper bounding of MLR curve (Case 5) 
gets Region-1 of Target I (10-80sec). Lower bounding of 
MLR curve (Case 4) catches Region-3 of Target I (230-
290sec) 
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Figure 113: C-1 Mass flux history with lower k, c at HF=50 kW/m2 
 
Analysis 
 
1. Temperature curves of the model and Target match for early time (3-6 sec) and the 
temperature deviation between the model and Target I is approximately 50 (K). 
According to test observation and test data, time to ignition is relatively short (tig=9 
sec). Since the sample is a carpet and under pad combination, obtaining material 
properties using Surf. Temperature and MLR curve was extremely difficult. Since this 
exercise is focusing on MLR curve, the surface temperature curve from the modeling 
matching with Target in early time stage can be tolerated. 
2. Figure 107 shows the in-depth temperature history (x=7.5mm). Thermocouple is 
attached on back side of carpet for the measurement. In Figure 107, the model 
temperature history with various properties remain in 50 K temperature boundary of 
Target I until 80 seconds. Around 80 seconds, the target temperature increases sharply 
since the whole carpet part begin to get involved in direct flame. 
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3. Figure 108 indicates temperature history at back face. From Figure 108 it is shown that 
there are three regions which can explain heat transfer into the sample system, 
? Region 1: (0-50 sec) sample get ignited and carpet part heats up. Under pad is still 
at 298K 
? Region 2: (80-200 sec) most parts of carpet are consumed and upper part of under 
pad begin to heat up. Back face of under pad is escalated up to 373K 
? Region 3: (201sec - end of test) as under pad ignited, bottom of the under pad 
begin to heat up and back face temperature sharply increase. 
From Figure 109, it is shown that back face temperatures across the surface 
temperature at 240 seconds. It implies that surface temperature is no longer valid for 
Mass Loss Rate since most parts of sample get involved in ignition and only few fuel 
masses are left. 
4. There are some noises at the beginning (0 - 25 sec.) of MLR due to the vibration 
caused by the light weight of samples. The target area is set with time range from 11 
sec. to 394 sec and the removed noises are excluded from the target area. Due to 
noises on MLR, it is difficult to get clear match between the model and Target. To get 
reasonable MLR,  
? Standard MLR curve (Case 1) catches Region-2 of Target I (110-170sec).  
? Upper bounding of MLR curve (Case 5) gets Region-1 of Target I (10-80sec).  
? Lower bounding of MLR curve (Case 4) catches Region-3 of Target I (230-
290sec) 
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5. From Figure 110 to Figure 113, three MLR curves (upper, middle and lower range) 
with each different material property are obtained. 
 
  Case 1 : best fit into middle (standard) range 
  Case 8 : best fit into lower range 
  Case 7 : best fit into upper range 
 
 
Recommended Material Property 
 
From the analysis, follow material properties are recommended as a best estimated 
values for FDS input data. 
 
Table 20: C-1 Recommended material property 
Upper Standard Lower
Case 7 Case 1 Case 8
Conductivity k [kW/mK] 0.00035 0.0003 0.00025
Density    [kg/m3] 255 255 255
Specific Heat c [kJ/kgK] 4.3 3.7 3.1
Heat of vaporization hv [kJ/kg] 3500 5500 7500
Pre-exponential factor A (FDS) [m/s] 291353 307539 323725
Activation energy E [kJ/mol] 104 113 122
Sample Thickness [m] 0.02 0.02 0.02
Input Parameter Unit
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Figure 114: C-1 Surface temperature history with recommended material property 
at HF=50 kW/m2 
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Figure 115: C-1 Mass flux history with recommended material property at HF=50 
kW/m2 
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 A.8 Rubber (R-1) 
R-1 is a rubber flooring material. It has two groups with different thickness (3.2 mm 
and 7.5mm). The one used in this analysis is 7.5 mm thick. Surface of specimen is hard 
and rigid, but specimen body is relatively flexible. 
 
 
Figure 116: R-1 Sample 
 
 
The surface (surface coating) began to pop off right after ignition and began to bend 
(center went up, sides went down). Flame height was approximately 30 cm. 
Approximately 290 sec. after ignition, flame began to shoot out from the side of sample 
due to significantly bended sample. Burning behavior of the samples from Test I and Test 
II seemed to be same. 
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Figure 117: R-1 Close view of burning sample 
 
 
 
 
 
Figure 118: R-1 Close view of burnt sample after test 
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Results 
Table 21: R-1 Material property 
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
Conductivity k [kW/mK] 0.00046 0.00052 0.0004 0.00046 0.00046 0.00052 0.00052 0.0004 0.0004
Density    [kg/m3] 1466 1466 1466 1466 1466 1466 1466 1466 1466
Specific Heat c [kJ/kgK] 1.7 2.2 1.2 1.7 1.7 2.2 2.2 1.2 1.2
Heat of vaporization hv [kJ/kg] 7000 7000 7000 9000 5000 9000 5000 9000 5000
Pre-exponential factor A [s-1] 3.50E+12 3.50E+12 3.50E+12 4.50E+12 3.00E+12 4.50E+12 3.00E+12 4.50E+12 3.00E+12
Activation energy E [kJ/mol] 170 170 170 185 160 185 160 185 160
Sample Thickness [m] 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075
Thickness of surface cell [m] 2.43E-05 2.43E-05 2.43E-05 2.43E-05 2.43E-05 2.43E-05 2.43E-05 2.43E-05 2.43E-05
Pre-exponential factor A in FDS [m/s] 42488970 42488970 42488970 54628676 36419117 54628676 36419117 54628676 36419117
Input Parameter Unit I. k,c Estimation (Before Ignition) II. dHv, A, E/R Estimation (After ignition)
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Figure 119: R-1 Surface temperature history with standard pyrolysis values at 
HF=50 kW/m2 
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Figure 120: R-1 In-depth (x=3.8mm) temperature history at HF=50 kW/m2 
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Figure 121: R-1 Back face temperature history at HF=50 kW/m2 
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Figure 122: R-1 Mass flux history with standard pyrolysis values at HF=50 kW/m2 
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Figure 123: R-1 Mass flux history with standard k, c at HF=50 kW/m2 
 
 
There are some noises on Target I at 0 - 25 sec.and 
73 - 92 sec. The noises are filtered and are not shown 
here. 
Standard MLR curve (Case 1) catches Region-2 of Target I (140-
180sec). Upper bounding of MLR curve (Case 5) gets Region-1 
of Target I (80-120sec). Lower bounding of MLR curve (Case 4) 
catches Region-3 of Target I (250sec-end)  
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Figure 124: R-1 Mass flux history with upper k, c at HF=50 kW/m2 
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Figure 125: R-1 Mass flux history with lower k, c at HF=50 kW/m2 
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Analysis 
 
1. Temperature curves of FDM and Target match for 5-65 sec. and the temperature 
deviation between FDM and Target I is approximately 50 K. Since the sample showed 
geometrical instability after ignition, obtaining material properties using Surface 
temperature and MLR curve was not an easy task. Since this exercise is focusing on 
MLR curve, the surface temperature curve from the modeling matching with Target in 
later time stage (70sec.) can be tolerated. 
2. Figure 120 show the in-depth temperature history (x=3.8mm). A thermocouple probe 
is attached at middle of the sample. In Figure 120, temperature difference between 
FDM and Target remain at 100 K. There is a possibility that T.C probe could be 
located at slightly higher or lower position resulting in uncertainty of Target 
temperature. After 160sec. Target temperature increases beyond ignition temperature 
(appx.700K) 
3. Figure 121 indicates the temperature history at back face. The back face temperature 
history with various cases follows the measured Target temperature history. 
4. For the mass loss rate calculation, integrated area of the target (measured mass loss 
rate from the test) is used to simulate the best mass loss curve fit. There are some 
noises at 0-25 seconds and 73 - 92 seconds. The target area is set with time range from 
11 sec. to 220 sec and the removed noises are excluded from the target area. To get 
reasonable MLR,  
? Standard MLR curve (Case 1) catches Region-2 of Target I (140-180sec). 
? Upper bounding of MLR curve (Case 5) gets Region-1 of Target I (80-120sec). 
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? Lower bounding of MLR curve (Case 4) catches Region-3 of Target I (250sec-
End) 
5. Throughout the analysis, following cases provide the best upper, middle and lower 
range of mass loss rate history. 
 
  Case 1 : best fit into middle (standard) range 
  Case 6 : best fit into lower range 
  Case 9 : best fit into upper range 
 
Recommended Material Property 
 
From the analysis, follow material properties are recommended as a best estimated 
values for FDS input data. 
 
Table 22: R-1 Recommended material property 
Upper Standard Lower
Case 9 Case 1 Case 6
Conductivity k [kW/mK] 0.0004 0.00046 0.00052
Density    [kg/m3] 1466 1466 1466
Specific Heat c [kJ/kgK] 1.2 1.7 2.2
Heat of vaporization hv [kJ/kg] 5000 7000 9000
Pre-exponential factor A (FDS) [m/s] 36419117 42488970 54628676
Activation energy E [kJ/mol] 160 170 185
Sample Thickness [m] 0.0075 0.0075 0.0075
Input Parameter Unit
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Figure 126: R-1 Surface temperature history with recommended material property 
at HF=50 kW/m2 
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Figure 127: R-1 Mass flux history with recommended material property at HF=50 
kW/m2 
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APPENDIX B BOUNDING EXERCISE WITH UPPER AND LOWER 
EXTERNAL HEAT FLUX 
 
In Chapter 5 and 6, all bounding exercises are performed with 50 kW/m2 external cone 
heat flux of since HF=50 kW/m2 is considered as a standard heat flux level. To verify the 
model and bounding exercise there are two cone tests at high and low level of The cone 
heat flux for each specimen. As for those tests bounding exercise is performed and shown 
in this Section. Some of results show a good agreement with the target and some of them 
are not close enough. This exercise is designed to investigate accuracy of the model 
performing at various external heat flux level. Material properties for the analysis are 
given by recommended values (upper, standard and lower) from the bounding exercise at 
HF=50 kW/m2 
Foam and Fabric (A-1) 
 
273
323
373
423
473
523
573
623
673
723
0 5 10 15 20
Time (sec)
T
em
pe
ra
tu
re
 (K
)
Case 9
Case 1
Case 6
Target
 
Figure 128: A-1 Surface temperature history at HF=30 kW/m2 
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Figure 129: A-1 Surface temperature history at HF=70 kW/m2 
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Figure 130: A-1 Mass flux history at HF=30 kW/m2 
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Figure 131: A-1 Mass flux history at HF=70 kW/m2 
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Figure 132: B-1 Surface temperature history at HF=35 kW/m2 
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Figure 133: B-1 Surface temperature history at HF=75 kW/m2 
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Figure 134: B-1 Mass flux history at HF=35 kW/m2 
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Figure 135: B-1 Mass flux history at HF=75 kW/m2 
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Figure 136: B-2 Surface temperature history at HF=35 kW/m2 
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Figure 137: B-2 Surface temperature history at HF=75 kW/m2 
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Figure 138: B-2 Mass flux history at HF=35 kW/m2 
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Figure 139: B-2 Mass flux history at HF=75 kW/m2 
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Figure 140: B-4 Surface temperature history at HF=35 kW/m2 
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Figure 141: B-4 Surface temperature history at HF=75 kW/m2 
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Figure 142: B-4 Mass flux history at HF=35 kW/m2 
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Figure 143: B-4 Mass flux history at HF=75 kW/m2 
 
 
 
Carpet and Underpad Combination (C-1) 
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Figure 144: C-1 Surface temperature history at HF=30 kW/m2 
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Figure 145: C-1 Surface temperature history at HF=70 kW/m2 
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Figure 146: C-1 Mass flux history at HF=30 kW/m2 
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Figure 147: C-1 Mass flux history at HF=70 kW/m2 
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